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PROCEEDINGS OF THE 1972 


LYNDON B. JOHNSON SPACE CENTER 
ENDOCRINE PROGRAM CONFERENCE 


Carolyn S. Leach, Coordinator 
Lyndon B. Johnson Space Center 
Houston, Texas 77058 



INTRODUCTION 


By Carolyn S. Leach, Ph. D. 


The third Endocrine Program Conference vaa conducted in November of 1972 
at the NASA Lyndon B. Johnson Space Center. The purpose was a part of the con- 
tinuing effort to fully understand and to evaluate the endocrine changes 
observed during previous manned missions and, thereby, to further understanding 
of the physiological adaptation of man to the space-flight environment. Inves- 
tigators reported on work pertinent to the overall program developed in support 
of the Apollo missions and the long-duration Skylab flights. The goals of this 
program continue to be of utmost importance and, indeed, the relevance of these 
goals has been augmented as man further extends himself and his technology into 
space. For the purpose of review, these goals are restated here. 

1. The establishment (and continuation) of an operational laboratory for 
immediate endocrinologic assays at the NASA Lyndon B. Johnson Space Center 

2. The assembly of a group of endocrine experts who are qualified to 
advise on procedures and the interpretation of data 

3. The advancement of the field of endocrinology by the application of 
analytical procedures that are low in sample-volume requirements but that are 
high in specificity 

As in previous conferences, the attendees of this third annual NASA 
Lyndon B. Johnson Space Center Endocrine Program Conference consisted of those 
who were chosen to help conduct the program. Each participant presented a 
discussion of work in his area of specialization and related his contributions 
in support of the program, either with respect to studies or to the development 
of methodology. The tape-recorded transcripts of these presentations were sub- 
mitted to the authors for editing and then were compiled into these proceedings. 


preceding page blank not PILMIJ) 


V 



LIST OF CONTRIBUTORS 


1. Carolyn S. Leach, Ph. D.: Head, Endocrine Laboratory, Environmental 

Physiology Branch, NASA Lyndon B. Johnson Space Center, Houston, Tex. 

2. Joan Vernikos-Danellis , Ph. D. : Research Scientist, NASA Ames Research 

Center, Moffett Field, Calif. 

3. Charles M. Winget, Ph. D.; Research Scientist, NASA Ames Research Center, 

Moffett Field, Calif. 

4. Anne L. Goodwin: Research Scientist, NASA Ames Research Center, Moffett 

Field, Calif. 

5. Paul C. Rambaut, Ph. D.: Biomedical Research Division, NASA Lyndon B. 

Johnson Space Center, Houston, Tex. 

6. C. W. DeRoshia: Research Scientist, NASA Ames Research Center, Moffett 

Field, Calif. 

T. S. E. Cronin: Research Scientist, NASA Ames Research Center, Moffett 

Field, Calif. 

8. Martha M. Tacker, Ph. D.: Department of Physiology, Baylor College of 

Medicine, Houston, Tex. 

9. John T. Potts, Jr., M.D. : Chief, Endocrine Unit, Massachusetts General 

Hospital, Boston, Mass.; Professor of Medicine, Harvard Medical School, 
Cambridge, Mass. 

10. K. G. Swenson: Endocrine Unit, Massachusetts General Hospital, Boston, 

Mass . 

11. Myron Miller, M.D. : Chief, Medical Service, Veterans Administration 

Hospital; Associate Professor of Medicine, State University of New York, 
Upstate Medical Center, Syracuse, N.Y. 

12. Philip C. Johnson, M.D.: Professor of Medicine and Head of Nuclear 

Medicine Section, Baylor College of Medicine; Director of Radioisotope 
Department, Methodist Hospital, Texas Medical Center, Houston, Tex. 

13. William W. Morgan, Ph. D.: Department of Anatomy, University of Texas 

Medical School at San Antonio, San Antonio, Tex. 

ill. Murray Epstein, M.D.: Assistant Professor of Medicine, University of 

Miami School of Medicine; Associate Director, Nephrology Section, 
Veterans Administration Hospital, Miami, Fla. 



CONTENTS 


Section Page 

1. ENDOCRINE /METABOLIC RESPONSES OF THE 

APOLLO l6 CREWMEN 1-1 

By Carolyn S. Leach, Ph. D. 

2. CHANGES IN GLUCOSE, INSULIN, AND GROWTH HORMONE 

LEVELS ASSOCIATED WITH BED REST 2-1 

By Joan Vernikos-Danellis , Ph. D. , Carolyn S. Leach, 

Ph. D. , Charles M. Winget , Ph. D. , Anne L. Goodwin, 
and P. C. Rambaut , Ph. D. 

3. FIFTY-SIX DAYS OF BED REST: CIRCADIAN RHYTHMS OF 

HEART RATE AND BODY TEMPERATURE 3-1 

By Charles M. Winget, Ph. D. , Joan Vernikos-Danellis, 

Ph. D. , C. W. DeRoshia, S. E. Cronin, Carolyn S. 

Leach, Ph. D. , and Paul C. Rambaut, Ph. D. 

1. STRESS-ILTCCED CHANGES IN CORTICOSTEROID METABOLISM 

IN MAN i^-1 

By Martha M. Tacker, Ph. D. 

5. PARATHYROID HORJiONE AND VITAMIN D: PRESENT STATUS 

OF PHYSIOLOGICAL STUDIES 5-1 

By John T. Potts, Jr., M.D. , and K. G. Swenson 

6. ANTAGONISTIC EFFECT OF LITHIUM ON ANTIDIURETIC 

HORMONE ACTION 6-1 

By Myron Miller, M.D. 

7. SKYLAB BODY-FLUID VOLUMES STUDY T-1 

By Philip C. Johnson, M.D. , and Carolyn S. Leach, Ph. D. 

8. RECENT STUDIES ON DAILY RHYTHMIC CHANGES IN SEROTONIN 

CONTENT IN AREAS OF THE MOUSE BRAIN AND NOREPINEPHRINE 

CONTENT IN AREAS OF THE HAMSTER BRAIN 8-1 

By William W. Morgan, Ph. D. 


vii 



Section 


Page 


9. STUDIES OF SODIUM HOMEOSTASIS DURING SIMULATED 
WEIGHTLESSNESS; APPLICATION OF THE WATER 

IMMERSION MODEL TO MAN 9-1 

By Murray Epstein, M.D. 


viii 



1. ENDOCRINE/METABOLIC RESPONSES OF THE APOLLO l6 CREWMEN 
By Carolyn S. Leach, Ph. D. 


INTRODUCTION 


The Endocrine Laboratory conducted biochemical analyses to record the time 
course, the extent, and the etiology of fluid/electrolyte and hormonal changes 
resulting from the Apollo l6 crewmen’s exposure to space flight. These oper- 
ational studies were designed to study two aspects of endocrine/metabolic 
homeostasis. The first group of tests measured fluid/electrolyte concentration 
changes and examined the mechanisms controlling the changes observed after this 
and previous missions (refs. 1-1 and 1-2). The radionuclide fluid volume 
studies were part of this series of tests; they were designed to quantitate the 
volume changes that accompany prolonged exposure to weightlessness. As in the 
Apollo 15 mission, total body exchangeable potassium (K) was measured to study 
further the effect of weightlessness on the metabolism of this intracellular 
electrolyte. 

In the second group of tests, changes in the hormones that are essential 
for the maintenance of biochemical integrity were recorded. These studies 
allow an estimate of the physiological cost of space flight to the individual 
crewman. 


METHODS 


Approximately U 5 milliliters of venous blood were drawn and analyzed 30 , 
15 , and 5 days before the flight (F-30, F-15, and F-5) to ascertain the health 
status of the crewmen and to establish baseline values for postmission compar- 
ison. Similar amounts of blood wei'e drawn as soon as possible (ASAP) after 
recovery and 1, 3, and 7 days after recovery (R+1, R+3, and R+7). All blood 
samples, except those drawn ASAP uf'-er splashdown, were obtained fasting. 

Urine samples were collected from each man every 2h hours beginning the 
same day as the blood collection. Additional samples were collected diiring the 
last 72 hours preflight, the second day during flight, and the first 12 hours 
postflight. All urine was aliquoted, stabilized, and frozen for future anal- 
ysis except the in-flight samples, which were preserved with 10 grams of boric 
acid and held at spacecraft temperatures until after the mission. 

The crewmen consumed food of their own choice until 3 days before flight. 
At that time, a diet of known composition was provided throughout the mission 
anrl ''or J2 hours after recovery. 
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Analyses of the blood samples (plasma or serum) included, among others: 
osmolality, sodium (Na), K, chloride (Cl), adrenocorticotrophic hormone (ACTH), 
angiotensin I, cortisol, human growth hormone (HGH), insulin, and parathyroid 
hormone. The 2^-hour urine samples were analyzed for electrolytes, osmolality, 
volume, aldosterone, hydrocortisone, antidiuretic hormone (ADH), total and 
fractionated ketosteroids , and amino acids. 

The radionuclide studies were performed on the schedule appearing in 
table l-I. Using methods described previously (ref. 1-3), the backup crewmen 
were studied until F-5; the three control physicians were followed throughout. 
Calculated radiation exposures for the doses used are shown in table l-II. 


RESULTS 


Table l-III contains the 24-hour urine samples data on the three crewmen. 
The lunar module pilot’s in-flight sample had increased K. Postflight samples 
from all three crewmen had decreased Na, K, Cl, and volume; osmolality remained 
unchanged. Titratable acidity did not change from preflight values. 

Because of the prolonged exposure to increased temperature, the in-flight 
urine samples were not suitable for catecholamine or ADH analysis. Epinephrine 
was elevated during most of the pre flight period, and in the post flight period 
in the lunar module pilot’s sample. Norepinephrine remained within normal 
range throughout the collection periods. Hydrocortisone was elevated in the 
preflight period for the commander (CDR) and the lunar module pilot (LMP). The 
in-flight sample demonstrated elevated cortisol for the CDR and the LMP, with 
normal concentrations in the command module pilot’s sample. Total 
17-hydroxycorticosteroids were normal to decreased for the in-flight sample and 
decreased postflight for the CDR and the command module pilot (CMP). 

Aldosterone was normal to decreased for the in-flight sample and the 
immediately post flight sample. Antidiuretic hormone was elevated in the 
sample from the LMP and the CMP and normal in the CDR’s sample immediately 
postflight. The total IT-ketosteroids demonstrated decreases postflight in all 
three crewmen and elevated concentration for the in-flight sample on the LMP. 
The lT“ketosteroid fractionation data given in tables l-IV(a) to l-IV(c) 
demonstrated significant increases in the in-flight sample. For the CDR, these 
included pregnanediol (PD), androsterone (AND), etiocholanolone (Etio), dehy- 
droepiandrosterone (DHEA), 11=0 etiocholanolone (ll=0 Etio), 11-OH androsterone 
(ll-OH AND), and 11-OH etiocholanolone (ll-OH Etio); for the LMP, the elevated 
fractions were PD, AND, Etio, DHEA, 11=0 Etio, 11=0 AND, 11-OH Etio; the CMP 
had no significant change in the in-flight sample. The postflight samples 
demonstrated normal patterns (comparable to the preflight patterns) for all 
three crewmen. However, the R+1 sample of the CMP evidenced a trend toward 
elevation in PD and ll-OH Etio. 

Tables l-V(a) to l-V(c) contain the urinary amino acid excretion pat- 
terns of all three crewmen. These patterns demonstrate changes in each crew- 
member for in-flight and postflight samples, and these changes become more 
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significant considering that from 12 hours preflight they were consuming a 
monitored dietary intake. Specifically, the glycine excretion of all three 
men was elevated in the in-flight samples; sarcosine was elevated in the CDR 
and CMP in the in-flight samples, as were the aminobutyric acids in the CDR 
and IMP. Postflight glycine was decreased in all crewmen, and taurine was 
elevated in the CDR and the CMP. 

Table 1-VI contains the serum/plasma results. In the ASAP samples, Na and 
osmolality were slightly elevated and K slightly decreased for all three crew- 
members; cortisol decreased slightly for the CDR and the CMP; angiotensin I was 
markedly elevated for all three men but had returned to normal by the next 
sample period; and HGH was elevated in the CMP. Insulin and the thyroid hor- 
mones demonstrated no changes in any crewmember. Parathyroid hormone did not 
appear to be significaj:ifcly changed in the crewmen’s samples postflight. All 
values reported were close to the detection limits of this assay. 

The measured body fluid volumes are shown in table 1-VII; these same data, 
expressed as milliliters per kilogram of body weight, are shown in 
table 1-VIII. The derived volumes are shown in table 1-IX. 

As in other missions, there was a decrease in plasma volume ASAP. The 
plasma volume deficit had been made up by R+1. Total body water was decreased 
ASAP, as was the extracellular fluid. The mean percent decrease of intra- 
cellular fluid is greater than the percent decrease in the extracellular fluid. 
As in past missions, the controls showed increased plasma volxmie and extra- 
cellular fluid. 

When the same data are corrected for body weight, the plasma volume 
decreases are reduced to zero. Relative to body weight, there is an increase 
in total body water, extracellular fluid, and intracellular fluid. Inter- 
stitial fluid shows the greatest percent increase. 

Table 1-X contains the total body K data. The crewmembers started with 
higher total body K than did the controls. There was a significant increase 
in total body exchangeable K of the crew postmission with a tendency to return 
toward normal at R+7. 


DISCUSSION 


Results from previous missions have shown that the combined conditions of 
space flight cause man to react with changes in endocrine/metabolic parameters 
(ref. 1-^). Although there has been variation in the entent of hormonally 
induced shifts, fluid/electrolytes have been recorded after every Apollo 
mission to date (refs. 1-5 and 1-6). In general, the results given in 
tables l-II to 1-V do not differ from previously reported data. The exceptions 
warrant considerable discussion. 

Apollo l6 was the first mission since Gemini VII in which urine samples 
collected during flight from the crewmen were returned for analysis. The 
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17-hydroxycorticosteroids were found to be significantly decreased during that 
l!+-day Gemini VII mission (ref. 1-7). Likewise, total 17-hydroxycorticosteroids 
were decreased in the second day in-flight specimen from the Apollo l6 crewmen. 
Ordinarily, if total 17-OH excretion decreases, a decrease in cortisol would be 
expected. However, cortisol excretion during this in-flight phase of this 
mission was significantly elevated in the CDR’s and the LMP's specimens and 
normal in the CMP's specimen. (No value was lower than preflight or post- 
flight values. ) The diverging of these results could be related to either a 
storage program that affected the hydroxycorticosteroid analyses or, more 
likely, changes in blood flow to the liver that altered the conjugation of the 
free hormone resulting in decreased excretion of 17-hydroxycorticosteroids. 

Post flight decreases in the plasma cortisol and ACTH have been observed 
after almost all Apollo missions. The exact cause of these decreases remains 
to be explained (ref. 1-8). However, like the in-flight urine sample, a 
possibility exists that the decreases measiired were related to changes in 
adrenal steroid conjugation by the liver. 

In several endocrine-related diseases, the determination of urinary 
17-ketosteroids, either total or fractions, has been helpfxil in both \mder- 
standing and diagnosis. In certain other problems as well as in many so-called 
nonendocrine conditions, the value of the test has been limited because of the 
normal day-to-day variations in excretion (ref. 1-9). However, in this study, 
the preflight baseline was sufficient to allow comparisons to be made for each 
man to his preflight values. In this comparison, certain compounds were sig- 
nificantly changed from preflight values of the CDR and the LMP. These two 
crewmen had twofold increases in total 17-ketosteroids, which included almost 
all fractions. The greatest increase was in DHEA. The exact function of this 
steroid is not known, but its secretion appears to be a response to stress 
(ref. 1-9). The DHEA has been examined also for its influence on nitrogen and 
mineral metabolism vref. 1-10 ). The fractionated 17-ketosteroid results 
support other indications of stress in the CDR and the LMP dioring the flight. 
Whether the stress was related to their anticipation of the lunar landing or 
was due to the individual biologic difference from the CMP remains vmclear. It 
is significant to note that the greatest changes were in those compovinds of 
adrenal origin. 

The changes in amino acid excretion patterns are thought to be related to 
diet as well as to muscular activity. However, as in every study of amino 
acid excretion, renal threshold, glomular filtration rate, and cellular utili- 
zation enter into the total explanation (ref. l-ll). Furthermore, the relation- 
ship between adrenal steroid activity and amino acid excretion must be 
considered because it has been established that adrenal steroids alter urinary 
excretion patterns of amino acids (ref. 1-12). Glycine, significantly elevated 
in the in-flight sample for all three crewmen, is required by the body for 
formation of nucleic acid, porphyrins, creatine, hippuric acid, and bile acid 
conjugates (ref. 1-13). Therefore, the increased excretion of this amino acid 
could be related to cellular mass loss or to the suspected decrease in liver 
blood flow. Sarcosine, another amino acid showing elevations during flight, is 
related to muscle protein and may be indicative of muscle breakdown during 
flight. 


1-h 


Thyroid activity appears to have undergone no change from preflight to 
postflight values as measured by thyroid (t) hormones and T^. The levels of 

these circulating hormones give indications of changes in metabolism and in the 
thyroid gland. 

Parathyroid hormone levels were examined on these crewmen to assess cal- 
cium and phosphorus metabolism. Because those assessments did not indicate 
values significantly different from the preflight control values, it is con- 
cluded that if changes occurred in calcium metabolism during this mission, they 
were not reflected by the activity of this hormone. 

All three of the crewmen consumed fewer calories during the mission than 
they did during the preflight control period. Furthermore, data from one day 
during flight indicate that the crewmen were in negative nitrogen balance. Net 
protein synthesis in the body is unlikely during decreased food intake. The 
CMP*s postflight increase in HGH may represent an attempt to keep nitrogen loss 
at a minimum by stimulating protein synthesis to as high a level as possible. 

The fluid/electrolyte changes observed during this mission must be viewed 
in relation to the diet consumed by the crewmen as well as specifics of mission 
activity. The second day during flight showed no change in urine volume. This 
result becomes significant when the intake data are reviewed and compared to 
preflight averages, because there were significant decreases for all three 
crewmen in water intake on that day. Furthermore, the estimated insensible 
water loss is high in the command module. Postflight, the 24-hour urine volume 
was decreased in all three crewmen. This finding agrees with data from pre- 
vious Apollo missions (except that of Apollo 15). Similarly, the urinary and 
serum electrolyte results agree with those of other missions. The in-flight 
urine sample added previously unavailable information on normal electrolyte 
content except for the increased K in one crewman’s urine. Because only one 
collection day was analyzed, it is not possible to establish whether this was 
a constant occurrence or one tinique to the second day during flight. There 
were postflight decreases in Na, K, and Cl as well as in volume. 

Urinary ADH increased significantly postflight. This finding, which has 
been constant for all Apollo missions when the measurement was made, is con- 
sidered to reflect the need to readjust water balance postflight, thereby 
restoring circulating blood volume to a level more consistent with the retiirn 
of blood from the lower extremities under the influence of gravity. 

Aldosterone was found to be markedly elevated during flight for the 
Gemini VII crewmen. The urine measured was collected on mission days 5-6, 7-8, 
9-10, 11-12, and 13-l4 (ref. 1-7). The Apollo l6 results demonstrated 
decreased to normal aldosterone on the second day of flight. The difference in 
these results could lie in the time of collection. It is not uncommon for the 
development of a secondary aldosteronism to take several days after appropriate 
metabolic stimiali. An alternate explanation could be related to unknown 
technical differences that are unrelated to the crewmen’s responses to the 
missions. 
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In all three crevmen, the postflight elevation in renin activity, measured 
as angiotensin I, supports the previous findings that "blood flow through the 
kidney changes after recovery. It is interesting to note that even with rises 
in renin activity, there was no increase in aldosterone postflight. The reason 
for this result is not clear; however, the data must "be viewed in terms of the 
electrolyte intake (ref. l-l4) or it would be assumed that the renin elevation 
was transitory to postural changes (ref. 1-15). 

All Apollo missions, including Apollo l6, have been followed by a change 
in the plasma volume of the returning crewmen. The overall mean of the crew- 
men's plasma volume decrease for six Apollo missions (T, 8, 9, 1^, 15 j and l6) 
is -5.5 ±1.4 percent. This decrease is greater than the -2.4 percent found 
;'ter three Moon landing missions (Apollo l4, 15, and l6). These changes are 
jnsiderably less than the -10 percent mean loss associated with an equivalent 
jriod of bed rest (ref. l-l6). Only 3 of the l8 crewmembers have ever shown 
decrease greater than the usual 10 percent. A smaller decrease in plasma 
jlume could be one manifestation of an in-flight increase in adrenal activity, 
irticularly aldosterone. A drop of only -2.4 percent in plasma volume would 
Dt be expected to produce postmission postiiral hypotension or sensitivity to 
lower body negative pressure. Because no plasma volvmie measurements have been 
performed in orbital flight, it is not known whether the plasma volume actually 
had been lower diiring the mission and increased slightly to the point at which 
it was recorded ASAP or whether plasma volume was essentially stable, after the 
-5.5 percent decrease had occurred. Analysis of the Gemini data suggests that 
the former explanation is the more likely of the two. The plasma volume 
changes of the crewmen contrast dramatically with the control subjects' mean 
plasma volume, which was l4.3 percent or, corrected for body weight, 

8.9 percent. The increased plasma volumes of the control subjects probably 
represent one of their adaptations to the warm to hot environment found on a 
Navy carrier plying tropical waters. 

When the mean values were obtained from the crewmembers of the Apollo l4, 
15, and l6 missions, all fluid spaces were decreased ASAP. However, when these 
spaces were corrected for weight changes, all but the intracellular space was 
increased. Particularly noticeable is the increase in extracellular space and 
the interstitial (extravascular ) portion of the extracellular fluid volume. 

Even with adequate calories available, most crewmen have shown a weight 
loss postmission. Part of this weight loss is made up during the first 
?4 hours after recovery. The remainder takes longer to make up, and the crew- 
len do not return to their premission weight for several days to weeks later, 
'his finding suggests that the weight loss during a mission is divided between 
.oss in tissue and loss in fluid. Fluid loss could be made up within the first 
ik hours, whereas recovery of tissue losses would take considerably longer. 

Weight loss from short-term dieting is generally followed by an increase 
in extracellular fluid that compensates for the tissues lost. This extra fluid 
is ordinarily lost by diuresis at irregular intervals of several days to 
several weeks. The increased extracellular fluid volume seen after these 
missions could be explained as a compensation for tissue losses. The water 
retention associated with weight loss is probably accomplished by increased 
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aldosterone secretion. Increased aldosterone secretion has been found during 
the Gemini VII flight; and the ASAP \xrine samples, plasma electrolyte, and 
total body K changes are compatible with in-flight increases of aldosterone 
secretion. 

The determinations of total exchangeable K were internally consistent as 
shown by the reproducibility of the control subject values. The results from 
the flight crew are quite different and showed an increase in exchangeable K 
on F-5 and ASAP when determined as milliequi valent s per kilogram of body 
weight. However, an increase is seen in only one crewmember in the total 
milliequi valent s exchangeable K in the body ASAP. A change in body weight 
unrelated to K-containing spaces would affect the values expressed on the basis 
of milliliters per kilogram of body weight. An increase in exchangeable K 
could represent a true increase in raetabolically active K (e.g. , muscle), coul< 
represent increased unabsorbed K in the gastrointestinal tract, or could indi- 
cate that the body contains multiple K spaces and that conditions were right 
ASAP to measure a space which ordinarily mixes poorly with the radioactivity 
in the 2k to k8 hours used for determination of the equilibrium space. Poor 
absorption is probably ruled out because fecal specimens did not show excessive 
radioactive K loss. Studies of the red cells showed decreased red-cell K with 
decreased adenosine triphosphate; this relationship suggests that permeability 
to K was increased. Because the red-cell K ordinarily equilibrates poorly in 
^8 hours, a leak of K wotild be expected to have produced a larger total body 
space. However, the red-cell K is not great enough to account for the results 
obtained. Therefore, it would have to be assumed that other tissues shared the 
increased K turnover of the red cells. 
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TABLE 1 -V.- URISABY AMIHO ACID PATTERNS 


(a) CDR 






SeuBple schedule 




Variable 

F -3 

F -2 

m 

Preflight 
mean ± SE 

In-flight 

R +1 

R +2 

R +6 

Volume, ml 

1090 

1990 

1250 

1375 ± 310 

960 

815 

1200 

5.36 

Phosphoserine, mg/TV .... 

10.92 

21*. 07 

13.52 

16.17 ± 11.02 

23.59 

9.91* 

11.33 

5.36 

Phosphoethanolamine , 

mg/TV 

3 .U 

7 . 1*0 

1».19 

1*.91 ± 1.28 

5 . 61 * 

31*. 31 

13.91 

.65 

Taurine, mg/TV ....... 

1 * 3.67 

122.37 

61.29 

75.78 ± 23.85 

178.10 

127.96 

157.29 

42.30 

Urea, g/TV 

16.30 

59.37 

38 . 61 * 

38.10 ± 12,1*1* 

1 * 1*. 28 

35.02 

18.35 

13.44 

Hydroxyproline , mg/TV . . . 

— 

— 


— 

— 

— 

~ 


Aspartic acid, mg/TV .... 

2.30 

6.23 

2 . 1*9 

3.67 ± 1.28 

l *.77 

2.12 

2.26 

l.OU 

Threonine, mg/TV 

17.03 

25.96 

15.77 

19.59 ± 3.21 

31*. 08 

Ik, he 

20.23 

5.68 

Serine , mg/TV 

31.53 

51*. 65 

32.83 

39.67 ± 7.50 

1*6.96 

29.16 

39.15 

23.51 

Asparagine / glutajnine , 

mg/TV 

65.79 

127.55 

73.06 

88.80 ± 1.81* 

87.31* 

57.09 

71.09 

50.01 

Sarcosine, mg/TV 


— 

— 

— 

9.79 

— 

— 

— 

Proline, mg/TV . 

— 

— 

— 

— 

6.02 



— 

Glutamic acid, mg/TV .... 

2.73 

6 . 1*1 

2.11 

3.75 ± 1.31* 

8.51 

1.61 

2.17 


Citrulline , mg/TV 

~ 

— 

— 

— 

0.52 

— 

— 

— 

Glycine, mg/TV 

4 U .72 

92.85 

52.01* 

63.20 ± 15.00 

21 * 3.88 

37.68 

66.03 

41.37 

Alanine, mg/TV . . 

17.58 

36.01 

33.79 

29.12 ± 5.80 

33.00 

17.37 1 

3 **. 87 

14.95 

a-aminoadiplc acid, 

mg/TV 

3.18 

9.27 

5.32 

5.92 ± 1.78 

8.56 

5.91* 

6.63 

t 

ci-amino-n-butyric acid, 
mg/TV .... 

1.75 

2.30 

t 

— 

2.70 

i 

0.69 

t 

t 

Valine, mg/TV 

— 

j 2.55 

t 

— 

' 1*.58 

1.81 

7.93 

t 

Half cystine, mg/TV .... 

U .30 

35.29 

20.76 

20.11 ± 8.95 

9.51* 

17.67 

10.88 

t 

Cystathionine, mg/TV .... 

h.20 

20.20 

9.02 

11 . lU ± U.71+ 

10 . 1*9 

9.35 

19 . 5 <* 

10.65 

Methionine, mg/TV 

10.35 

9.98 

t 

3.09 

7.81 ± 2.36 

5.71 

1*.02 

7.66 

5.96 

Isoleucine, mg/TV 

1*.60 

1 6.93 

1 

1.75 

1 *. 1*3 ± 1.50 

8.08 

3.81 

7.16 

4.62 

Leucine, mg/TV 

7.68 

16.81 

1*.80 

9.76 ± 3.62 

10.38 

6 . 1*2 

7.79 

7.68 

Tyrosine, mg/TV 

9.96 

16.79 

1 

18.27 

15.01 ± 2.56 

3.02 

Ik, 00 

16.77 

11.47 

Phenylalanine, mg/TV . . . 

7.90 

11.19 

7.1*0 

8.83 ± 1.19 

12.13 

6.92 

6.65 

3.67 

B-alanine , mg/TV 

— 

— 

— 

— 

1*.30 

1.14 

0.81 

— 

e-aminoisobutyric acid, 
mg/TV 

j 2.60 

— 

1 6.62 

1 

1 IL 

10.39 

3.33 

3.31* 

1 

: 5.96 

1 


^Trace. 
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TABLE l-V.- URINARY AMINO ACID PATTERNS - Continued 


(b) CMP 



Sample schedule 




Variable 

F-3 

F-2 

F-1 

Pre flight 
.mean ± SE 

In-flight 

R+l 

R+2 

R+3 

r+6 

Volume, ml 

725 

955 

809 

830 ± 67 

495 

580 

350 

1020 

994 

Phospho serine, mg/TV .... 

19. 5U 

iS.Oh 

10.17 

15.92 ± 2.91 

12.32 

14.25 

5.43 

9.14 

7.60 

Phosphoethanolamine , 

mg/TV 

5.76 

7.00 

3.52 

5.42 ± 1.02 

3.41 

4,78 

1.34 

1.33 

1.09 

Taurine, mg/TV 

7^4.67 

84.25 

59.61 

73.18 ± 7.4!* 

57.59 

151.18 

64.68 

112.81 

14.05 

Urea, g/TV 

32. 6U 

37.91 

29.32 

33.29 ± 2.50 

17.62 

27.44 

11.82 

13.60 

6.46 

Hydroxyproline , mg/TV . . . 

— 

— 


— 

— 

— 

— 

— 

— 

Aspartic acid, mg/TV .... 

1*.37 

3.73 

1.97 

3.36 ± 0.72 

2. 47 

2.72 

0.97 

1.71 

1,29 

Threonine, mg/TV 

16.U6 

9.U8 

4.51 

10.20 ± 3.51 

7.92 

11.21 

4.34 

8.87 

8.72 

Serine, mg/TV 

33.26 

30.33 

20.52 

26.04 ± 3.85 

18.24 

24.99 

11.16 

20.94 

18.64 

Asparagine/glutamine , 

mg/TV 

58.76 

52.57 

39.83 

50.39 ± 5.57 

31.90 

40.31 

15.26 

41.09 

38.45 

Sarcosine, mg/TV 

— 



— 

9.95 

■ — 

— 

— 

■ 

Proline, mg/TV 

— 

— 


— 

— 

— 

— 

— 

H 

Glutamic acid, mg/TV .... 

3.73 

k.as 

5.39 

4.65 ± 0.49 

2.46 

1.38 

0.52 

t 

H 

Citrulline, mg/TV 

0.59 

— 

— 

— 

— 

— 

— 

— 


Glycine, mg/TV 

' 8l.6i 

67.93 1 

50.74 

66.76 ± 8.93 

168.09 

1 44.89 

21.29 

5*t.7l 

67.63 

Alanine, mg/TV 

1 22.1i0 

23.46 

13.73 

16.53 ± 6.4l 

' 13.61 

1 

23.12 

10.89 

20.23 

18.10 

a-aminoadipic acid, 
ng/TV 

U.73 

5.46 

8.74 ' 

6.31 ± 1.23 

3.35 

4.56 

1.88 

2.01 

10.41 

a-amino-n-Putyric acid, 
mg/TV 

0.08 

t 

0.69 

— 

i 

0.39 1 

0.62 

— 



Valine , mg/TV 

— 

4. 07 

2,27 

— 

1.84 ’ 

1 

1.16 

1.50 

t 

— 

Half cystine, mg/TV .... 

6.27 

i 

5.79 

5.83 

5.96 ± 1.54 1 

1 

4.21 

j 

5.61 

3.65 

t 

— 

Cystathionine, n>g/TV .... 

! 

5.35 

9.73 

12.08 

1 

9.22 ± 5.71 

4.77 

5.87 

4.14 

7.18 

7.S 

Methionine, mg/TV 

T.90 

4.72 

4.^2 

5.68 ± 1.11 

2.85 1 

2.62 

2.48 

4.71 

3.1 

Isoleucine, mg/TV 

it.OQ 

3.53 

3.04 

3.83 *• 0.56 

1.73 

2.44 

1.47 

3.04 

2.‘ 

Leucine, mg/TV 

6.16 

5.77 

4.59 

5.51 0,47 

2.00 

4.98 

1.89 

4.42 

3.45 

Tyrosine, mg/TV 

22.23 

l4.4o 

9.64 

15.42 i 3.67 

10.98 

10.40 

4.98 

10.81 

7.98 

Phenylalanine, mg/TV .... 

12.00 

7.73 

5.26 

8,33 1 l.?7 

6.19 

6.17 

2.86 

5.19 

2.59 

R-alanine, mg/TV 

— 

— 

— 

.... 

— 

0.13 

— 

— 

— 

B-aminoisobutyrio acid, 
mg/TV 

0.i^9 

— 

2.03 

— 

1.68 

2.79 

— 

— 

— 


i-r 











TABLE 1 -V.- URINARY AMINO ACID PATTERNS - Concluded 


(c) IMP 



Sample schedule 

Variable 

F -3 

F -2 

— 

Preflight 
mean ± SE 

In-flight 

B +1 

R +2 

R +3 

R +6 

Volume, ml 

a 835 

2955 

151*0 

2 l*li 3 ± 1+53 

1265 

9I+2 

1925 

2890 

3180 

Phosphoserine , ng/TV . , . . 

10.72 

12.00 

16.1*5 

13.06 ± 1.71+ 

22.86 

9.58 

7.93 

9.18 

t 

Phosphoethanolamine , 

mg/TV 

5.67 

1*.68 

5.61 

5.32 ± 0.32 

6.88 

3.77 

1.76 

1.92 

0.47 

Taurine, mg/TV 

U 6.25 

208.68 

137.68 

I6U.20 ± 22.38 

166.17 

125.17 

195.86 

154.82 

25.49 

Urea, g/TV 

27.59 

30.50 

U 8.62 

35.57 ± 6.58 

U 3 .U 1 + 

21.24 

17.33 

25.00 

10.98 

Hydroxyproline, mg/TV . . . 

— 

— 

— 

— 

— 

— 

— 

— 

— 

Aspartic acid, mg/TV .... 

2.93 

2.67 

1*.91 

3.50 ± 0.71 

U .13 

2.39 

1.64 

1.80 

2.29 

Threonine, mg/TV ...... 

9.30 

12.05 

13.68 

11.68 ± 1.28 

15.52 

12.62 

14.44 

14.20 

1.73 

Serine, mg/TV 

28.62 

30.27 


28.63 ± 0.9I* 

35.50 

22.40 

26.51 

31.79 

11.97 

Asparagine /glutamine , 

mg/TV 

Uo .63 

?i<.l 6 

6 k, 6 U 

59.88 ± 9.99 

64 . 1+5 

44.67 

55.22 

68.57 

22.85 

Sarcosine, mg/TV 

— 

— 



— 

~ 

— 

— 

— 

Proline, mg/TV . . 

— 

— 

— 


t 


“ 

— 

— 

Glutamic acid, mg/TV .... 

5.67 

10 . l 6 

1.82 

5.88 ± 2.1+1 

5.78 

1.47 

t 

t 

~ 

Citrulline , mg/TV 

— 

— 

— 

— 


— 


— 

— 

Glycine, mg/TV 

61.22 

93 . U 7 

85.23 

86 . 6 U ± 3.61 

; 263.89 

51.91+ 

82.01 

82.36 

39.64 

Alanine, mg/TV 

10.00 

38.73 

27.03 

25.51+ ± 8.33 

30.28 

20.41 

28.99 

35.39 

9.82 

a»aminoadipic acid, 

mg/TV 

1 .U 9 

5.68 
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Schedule 
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TABLE 1-VIII.- FLUID VOLUMES/kg BODY WEIGHT 
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2. CHANGES IN GLUCOSE, INSULIN, AND GROWTH HORMONE 

LEVELS ASSOCIATED WITH BED REST 

By Joan Vernikos-Danellis , Ph. D. , Carolyn S. Leach, Ph. D. , 
Charles M. Winget, Ph. D. , Anne L. Goodvin, 
and P. C. Rambaut, Ph. D. 


Investigators have recently reported that the cardiovasciilar decondition— 
ing and the alterations in plasma voliime that result following exposure to bed 
rest withoiit exercise for 2 weeks are accompanied by impaired tolerance to 
a glucose load and by excessive plasma insulin responses to glucose tolerance 

tests (ref. 2-l).^ Similarly, various degrees of physical inactivity have, in 
the past, been reported by several investigators to result in an apparent in- 
efficient handling of glucose. Lutwak and Whedon (ref. 2-2) found that com- 
plete bed rest for 1 to 3 weeks resulted in decreased glucose utilization. 
Blotner (ref. 2-3), studying TO nondiabetic adults and l6 children confined to 
bed for 1 month to 8 years, foimd excessive increases in blood glucose follow- 
ing a 100-gram oral glucose load, the effects being most pronounced in those 
confined the longest. In addition, Naughton and Wulff (ref. 2-4) found that 
the insulin response to glucose load in sedentary men is much greater than in 
active persons but that the disappearance of glucose is the same. In none of 
these studies, however, were resting levels of plasma glucose or insulin re- 
ported to be altered. This study was designed to determine the changes in the 
circulating levels of insulin, glucose, and human growth hormone (HGH) in 
young, healthy male subjects exposed to bed rest for 56 days. 

The same five male subjects and the same daily schedule and experimental 
conditions were used as described by Winget et al. (sec. 3). Blood samples 
were assayed for HGH, insulin, and glucose before bed rest; at 10, 20, 30, 42, 
and 54 days after confinement to bed; and at 10 and 20 days after the subjects 
had again been ambulatory. Human growth hormone and insulin were determined by 
radioimmunoassay techniques, and plasma glucose was determined by the autoana- 
lyzer ferric- cyanide method. The data were analyzed by the usual statistical 
techniques (ref, 2-5). 

Figure 2-1 shows the mean circulating HGH levels per 48-hour sampling per 
iod before, during, and after 56 days of bed rest. Each point represents the 
mean of twelve 4-hourly samples per 48-hour period for the group of five sub- 
jects. Plasma HGH showed an initial drop at 10 days of bed rest, then rose 
significantly (P < 0.05) at 20 days (1.5- fold increase) and subsequently de- 
creased gradually, reaching levels (2.5 mg/ml) well below pre-bed-rest control 


^'Also: C. B. Dolkas , unpublished observations, 19T2. 
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levels (h.2 mg/ml) at days of bed rest. The changes in mean daily plasma, 
glucose, and insiilin levels are shown in figure 2-2. Glucose concentrations 
remained unchanged in spite of a marked increase in mean daily insulin levels 
dxiring the first 30 days of bed rest. With continued exposure to bed rest, in- 
sulin began decreasing toward pre— bed— rest levels and glucose also decreased 
below control levels. By day 5^ of bed rest, glucose reduction was significant 
(P < 0.05), reaching a level of 75 mg/100 ml/2U hr and recovering during the 
control period. 

The daily mean changes are not generally due to an overall increase in 
hormone or glucose levels at all times of the day, but reflect a change in the 
amplitude of the diurnal variation. Figures 2-3, 2-h, and 2-5 show the diurnal 
rhythms in plasma HGH, glucose, and insulin, respectively, at various inter- 
vals during the study. Each point represents the mean concentration in the 
subjects. Growth hormone showed a significant daily fluctuation (fig. 2-3) • 

with peak levels occurring at 2000 and O^tOO hours. An initial reduction in 
amplitude at 10 days of bed rest was followed by considerable increases in am- 
plitude at 20 and 30 days; subsequently, the rhythm almost disappeared on deys 
h2 and 5^- Although there was considerable variability of the time at which 
the peak occurred, it was always associated with the late evening and ni^t 
sanples; the concentration of HGH was always lowest at 0730 hours, just before 
the li^ts were txxrned on. This association was also true for the plasma glu- 
cose and insiilin rhythms (figs. 2~h and 2-5). The amplitude of the glucose 
rhythm also varied throughout the study; and on day 5^, when the daily mean 
showed a significant decrease, the blood glucose concentration at l600 hours 
was as low as 62.2 mg/100 ml. The mean increase in circulating insulin levels 
was due to the increased amplitude of its diurnal rhythm (fig. 2-5). The peak 
insulin level shifted to a time earlier in the day and was maintained at a 
higher level during the "lights on" phase for the first 30 days of bed rest. 
After the 30th day, the amplitude began to decrease toward pre-bed-rest levels. 

The effect of bed rest on the amplitude of diurnal rhythms has been ob- 
served for other hormones also. Because exercise has been found to stimulate 
HGH secretion (ref. 2-6) without altering blood glucose levels, the initial 
drop in blood HGH may be related to the relative inactivity of bed rest. The 
subsequent rise in HGH may be secondary to the increased insulin levels and 
may contribute to the impaired glucose tolerance reported by others (ref. 2-1 ) 
and to the relative ineffectiveness of the rising levels of insulin on blood 
glucose observed in this study. However, the increased levels of cortisol 
during the first 30 days of bed rest may also be contributing to the decreased 
glucose tolerance and the raised plasma insulin levels by decreasing peripheral 
utilization of glucose through the inhibition of glucose phosphorylation in 
muscle and adipose tissue. It is also possible that the apparent insulin 
insensitivity may be attributed to increases in the radioimmunoassayable 
hormone level and may not reflect biological activity. Levels of radioimmuno- 
assayable and biological activity of various hormones have recently been found 
to differ, and it has been proposed that alterations in the molecular config- 

2 

uration of the hormone may account for these discrepancies . 



S. Nicoll, personal communication, 1972. 
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In general, these prolonged studies have revealed that the endocrine pic- 
ture during the first 3 weeks of bed rest (which may be partially attributed 
to early changes in plasma volume) appears to be quite different from that 
which develops after more prolonged exposure to bed rest (table 2-1). It ap- 
pears in5>erative to extend the experimental period beyond 56 days and to estab- 
lish the mechanisms responsible for the alterations in glucose homeostasis. 
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TABLE 2-1.- SUMMARY OF CHANGES IN ENDOCRINE 


PARAMETERS DURING 56 DAYS OF BED REST 


Secretion 

First 3 Tree !: 5 

Last 3 weeks 

Insulin 

2.^x increase 

Decrease toward control levels 

Glucose 

No change 

Decrease helow control levels 

HGH 

increase 

Decrease below control levels 

Cortisol 

2x increase 

Decrease below control levels 

ACTH^ 

No change 

3x increase over control levels 


s# 

Adrenocorticotrophic hormone. 
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Figure 2—2.— Mean circulating insulin and glucose levels per U8— hour san 5 )ling 
period before, during, and after 56 days of bed rest. Brackets represent 
mean ± standard error (N = 5 )* 
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Figure 2-5.- Diurnal rhythms in mean circulating insulin levels before, 
during, and after 56 days of bed rest. Brackets represent mean ± stand 
ard error (N = 5): stippled area represents lights-off period. 




3. FIFTY-SIX DAYS OF BED REST: 


CIRCADIAN RHYTHMS OF HEART RATE AND BODY TEMPERATURE 


By Charles M. Winget, Ph. D., Joan Vemikos-Danellis , Ph. D. , 
C. W. DeRoshia, S. E. Cronin, Carolyn S. Leach, Ph. D., 
and Paul C. Rambaut, Ph. D. 


• The two basic factors that act on the normal subject during bed rest are 
restriction of muscular activity (hypokinesis ) and a characteristic redistri- 
bution of blood because of a change in hydrostatic pressure (ref. 3-l). Bed 
rest for varying periods with healthy individuals has been found to lead to 
venous thrombosis, hypostatic pneumonia, a reduction in heart volume, and 
increases in resting and work pulses (ref. 3-2). Other studies have revealed 
reductions in circulating blood volume, muscle atrophy, aind negative nitrogen 
and mineral balances (refs. 3-3 to 3-5). Most of this work reported that 
hypokinesis had a significant role in the etiology of the reported disorders. 
The characteristic time structure of these biological processes and their 
importance in regulatory mechanisms were not considered. 

If the central nervous system plays any role in the development of the 
bed-rest symptoms, then it might be expected that circadian synchrony, which 
is also regulated by central mechanisms (endogenous synchronizers), would be 
disturbed, and that it would be disturbed in spite of maintaining subjects in 
an environment with well-defined exogenous synchronizers (light, meals, etc.). 

The two bed-rest studies reported here evaluated the influence on circa- 
dian waveform as a result of removing such factors as postvure and activity; 
subjects were healthy human males in a well-regulated environment with a fixed 
phot ope riod. 


RESULTS 


Study I indicated that all subjects showed a stable phase and amplitude 
during the 6 days before bed rest, with the maximum occurring in the latter 
half of the light period. Despite this homogeneity of data and despite the 
continuation of the regular photoperiod of lU hours of light and 10 hours of 
dark (lh:10 LD) and the feeding at regular hours, there was a tendency, when 
the subjects were put to bed, for the ear canal temperature (body temperature 
(BT)) rhythm to become desynchronized with the environment although it remained 
circadian. An example of this desynchronization is the sequential infor- 
mation of subject 6 a (fig. 3-1). 

Bed rest also produced a depression in the mean BT that did not return 
to the pre-bed-rest values. A change in the amplitude and time of peak of the 
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heart rate (HR) rhythm was also noted during the period after bed rest. The 
daily range of BT was about 1 K (l® C) and the HR was about 15 beats/min. The 
nonexercised group had less stable circadian oscillations than the exercised 
group. Study II confirmed and expanded these findings. 

Because the summation dial method for analyzing nonstationary data as- 
sumes a period of 2h hours , it was important to determine that this was indeed 
so under the present experimental conditions and that bed rest was not affect- 
ing the circadian period of these parameters. Comparison of the individual 
periodograms of the ambulatory and bed-rest subjects indicates the presence of 
a circadian period in both cases . 

The HR data for the bed-rest group cen be divided into four segments. 

1. A pre-bed-rest period of stable rhythms similar to those of the ambu- 
latory group 

2. A small phase shift (approximately 2 hours) after the first 3 weeks 
of bed rest 

3. A second phase shift (approximately 4 hours) that occurred after ap- 
proximately 20 days of bed rest (day Uo of the experiment) and that continued 
for the remaining 5 weeks of bed rest 

i*. A post-bed-rest phase in which subjects almost immediately resynchro- 
nized with their original pre-bed-rest rhythms. 

The summation dials for the BT of the ambulatory and bed-rest subjects 
are shown in figures 3-2 and 3-3 » respectively. The BT of the ambulatory 
group was somewhat less stable than their HR rhythms. However, the peaks for 
all subjects occurred in the same time quadrant (i.e., between 20^5 and 
0?k5 hours) as indicated by the direction of the train of vectors. During bed 
rest, the BT data varied even more. Three bed-rest subjects peaked in the 
same quadrant as the ambulatory subjects, and the other three peaked at ap- 
proximately 0600 hours (60° out of phase). All subjects showed considerable 
phase changes throughout the bed rest; three of them showed random shifts 
that represent rhythm asynchrony. Only two subjects resynchronized relative 
to base at the end of the 3-week post-bed-rest period. 

Because the sharpest phase shift in the HR rhythm appeared to occur on 
approximately day 20 of bed rest , the data were scanned to determine more 
precisely the actual time and day at which the shift occurred (fig. 3-^). 

Four bed-rest subjects showed the sharpest phase shift on day 23 of bed rest 
(day 43 of the experiment) whereas the other two bed-rest subjects showed a 
similar change on day 24 of bed rest (day 44 of the experiment). On those 
days, the HR of these bed-rest subjects increased sharply to 87 beats/min by 
0100 hours and did not reach its lowest point (56 beats/min) until 0700 hoxirs. 
In contrast, no ambulatory subjects showed an increase in HR at these hours; 
in fact, their HR decreased from 74 beats/min at 2300 hours to 62 beats/min 
at 0100 hours. 
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The BT rhythm did not shov a sudden, single phase shift as did the HR. 
Figure 3-5 compares the daily phase angle, the daily integrated amplitude and 
the daily mean of the BT data of hoth groups. The results indicate that num- 
erous phase shifts occurred in the bed-rest subjects compared to the rela- 
tively unchanging phase angle of the ambulatory controls and of the same 
bed-rest subjects during their ambulatory periods. The mean daily BT 
decreased progressively in spite of an unchanged integrated amplitude, indi- 
cating that the BT rhythm fluctuated in bed rest with the same amplitude about 
a new lower mean level. The decrease in mean daily BT had not recovered by 
the end of the 21-day post-bed-rest period. 


DISCUSSION 


It has generally been agreed that light acts as the primary influence in 
maintaining synchrony of circadian rhythms (refs. 3-6 to 3-12). Research on 
the properties and characteristics of rhythms has concentrated on producing 
rhythm desynchronization by manipulating the photoperiod (refs. 3-13 and 3-l4). 
Even the search for secondary synchronizers such as temperature and magnetic 
fields has involved analysis of the influence of these variables in the . 
absence of light cues; that is, either continuous light or continuous dark 
environments (refs. 3-15 to 3-17). Study I investigated the physiological 
changes that occur in man in response to prolonged bed rest; it was observed 
that desynchronization of some circadian rhythms occurred in spite of the fact 
that the subjects were maintained in a highly structured environment including 
a controlled photoperiod of l4:10 ID. Because such desynchronization in the 
presence of a defined light environment has not been described previously in 
healthy subjects, it was important to first confirm this finding and, sec- 
ondly, to determine if the change induced by bed rest was sufficiently power- 
ful to cause rhythm asynchrony in spite of the unchanged photoperiod. 

The results of study II confirmed the previous findings that the primary 
influence of bed rest on BT and HR rhjrtihms is to reduce the amplitude and 
change their phase relationships. The normally entrained rhythms were altered 
after approximately 20 days of bed rest, when they lost their normal relation- 
ship to the photoperiod and to each other. In addition, bed rest induced a 
depression of BT and an initial bradycardia. The possibility that this rhythm 
asynchrony may have been due to the inactivity associated with bed rest was 
ruled out in bed-rest study I, where a moderately heavy exercise regimen did 
not prevent these changes. Study II also riiles out the possibility that the 
prolonged confinement associated with this type of experiment may have been 
causing the observed phase shift, because the ambtilatory control subjects 
showed none of the changes observed in the bed-rest subjects. 

The dissociation of the HR and BT rhythms from each other and from the 
light schedule during bed rest and the prompt reassociation of the two rhythms 
in the post-bed-rest ambiilatory period suggest that synchrony of these rhythms 
may be dependent on posture. Therefore, it seems reasonable that the postural 
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change involved in bed rest or some physiological consequence of that, such as 
hydrostatic pressure changes or redistribution of body fluids and electrolytes, 
may be primarily responsible for the rhythm asynchrony. 

Various rhythms in man have been reported to be dependent on different 
cues. For example, it has been suggested that the rhythm in aldosterone excre- 
tion is primarily posture-dependent, while the rhythmicity of other parameters 
such as plasma cortisol levels appears to be unaffected by bed rest and remains 
entrained to the light-dark cycle. On the other hand, HR and, to a lesser 
extent, BT appear to require both light and other (postural) cues to maintain 
their rhythm synchrony. 

The level of the baseline, about which the homeostatic mechanisms oper- 
ate, varies rhythmically; and this rhythmicity is controlled by exogenous and 
endogenous synchronizers. Since the time of Claude Bernard, physiologists 
have emphasized the study of the mechanisms by which organisms maintain the 
relative constancy of their internal environment in response to change in the 
external environment. Such change or stress has generally been considered as 
an increase in magnitude or duration of inputs to the system. With the excep- 
tion of behavioral and biologic rhythm research, little attention has been 
given to the biological consequences of an absence of or reduction in input 
stimuli. The psychological consequences of isolation, the disturbance of 
circadian rhythms in an environment where light intensity was below a certain 
threshold, and the clinical consequences of prolonged bed rest in hospitalized 
patients have long been recognized. Studies on the effect of prolonged bed 
rest suggest that neither reduced activity alone nor relative confinement 
alone (both examples of low-input environments) result in HR and BT rhythm 
asynchrony. On the other hand, it appears that the reduction in input stimuli 
to proprioceptive receptors resulting from the postural change alone, or in 
addition to the confinement and inactivity inherent to prolonged bed rest, was 
responsible for the observed rhythm asynchrony. The results further support 
the hypothesis that maintaining circadian rhythm synchrony is not dependent on 
light alone as the environmental synchronizer. It is more likely that a 
variety of input stimuli is required to attain a certain threshold before syn- 
chrony of these rhythms with the environment and with each other can be main- 
tained. If this hypothesis is true, it should be possible to maintain rhythm 
synchrony in bed rest by changing light intensity or other social and environ- 
mental stimuli. 
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Figure 3—2.— Body temperature summation dials for the ambulatory subjects. 
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k. STRESS-INDUCED CHANGES IN CORTICOSTEROID METABOLISM IN MAN 
By Martha M. Tacker, Ph. D. 


Secretion of glucocorticoids by the adrenal cortex is essential to man's 
ability to meet and survive a stressful situation. This secretion has been one 
of the physiological parameters used to evaluate an individual's response to 
stress and is cvirrently determined by measuring plasma or urinary concentrations 
of cortisol, the principeil glucocorticoid secreted by man. However, these 
concentrations are influenced by several factors other than adrenal secretion 
(e.g., plasma protein binding, distribution, catabolism, and excretion); and 
changes in these factors, as by stress, will alter cortisol concentration 
independently of adrenal secretion. If these changes are not recognized, the 
cortisol concentrations will not accurately reflect adrenal secretion, and 
comparisons between the stressed and nonstressed situations may be incorrect. 

There has been a recurring difficTilty in correlating and explaining corti- 
sol concentrations measured in varioxos NASA-supported studies. In postflight 
samples from Apollo crewmen, the low plasma-cortisol concentrations indicated 
decreased adrenal secretion of cortisol, whereas the relatively high urinary- 
cortisol levels indicated increased adrenal secretion. In prolonged bed-rest 
studies, the plasma-cortisol concentrations did not correlate well with the 
fluctuations found in the plasma adrenocorticotropic honnone (ACTH) levels. 
(Adrenocorticotropic hormone is the principal stimulus to glucocorticoid 
secretion. ) 

The stress of space flight possibly exceeds the capability of the adrenal 
to meet this stress, or it taxes the adrenal to such a point that any additional 
stress, such as traiuaa, could not be met adequately. Indeed, these \mexpected 
cortisol concentrations may be reflecting such a situation. However, these 
concentrations covild also be a result of stress-induced changes in the 
nonsecretory factors; in which case, the use of cortisol concentrations as an 
index of adrenal secretion would have to be modified. In either case, if 
cortisol concentrations are to be used as an index of the stress response, it 
is imperative to know how stress alters the contribution of any of the 
nonsecretory factors controlling cortisol concentration. 

In a simplified view, plasma concentrations of cortisol eire controlled by 
input and output (by adrenal secretion (input) and metabolic clearance (output)). 
If the metabolic clearance rate remains tinchanged, plasma concentration will be 
a function of adrenal secretion. In this case, changes in plasma concentration 
will be a good approximation of changes in adrenal secretion. 

In addition to serving as an index of adrenal-secretory activity, measure- 
ment of plasma concentrations is of value in its own right. It is, after all, 
the cortisol in the blood that is available to the target tissues and, therefore, 
of physiologic interest. 
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Metabolic clearance is composed of several factors, most of which fall into 
one of three general compartments: distribution, catabolism, and excretion 

(fig. U-l). These compartments are both expandable and contractable. Aspects 
of these compartments can either be dependent on or independent of adrenal 
secretion and/or plasma concentration. For example, the percentage of cortisol 
catabolized varies with plasma concentration of cortisol, whereas the amount of 
cortisol excreted can be altered by changes in kidney function independent of 
plasma levels of cortisol. Finally, these compartments may not just remove 
cortisol from the plasma, but in certain cases, they may return cortisol to the 
plasma. This could occur by tissues releasing cortisol (ref. 4-l) or by 
chemical conversion, for example, from cortisone. 

When data, such as those in the NASA studies, cannot be readily interpreted 
and reconciled according to preexisting concepts, the assumptions underlying 
these concepts must be reexamined and tested. One can speculate about mecha- 
nisms that produce such '^discrepancies;" and, indeed, altered roles of some 
nonsecretory factors have been suggested by some investigators. However, 
there has been surprisingly little work to substantiate these speculations , 
and no definitive study has been made on the effects of stress on the role 
of nonsecretory factors in control of plasma concentrations of cortisol. 

The enigma of the corticosteroid data remains unsolved and demands atten- 
tion for interpretation of data from futxire NASA studies. This becomes even 
more important with increases in the length of time the astronauts will stay in 
a weightless environment, such as in Skylab experiments. Evaluation of the 
roles of various factors controlling corticosteroid concentrations will not only 
benefit NASA but is imperative for appropriate interpretation of corticosteroid 
data in virtually all research in which pituitary-adrenal function is measured 
by plasma or urinary concentrations. These incentives, plus the fact that 
recent advances have produced the necessary technical capability, demand that 
such studies be initiated now. 

The basic question is whether plasma cortisol is the most appropriate and 
most informative measurement of the stress response. Although the word "corti- 
sol" has been used in this discussion, the analytical method used generally and 
also at NASA Lyndon B. Johnson Space Center (JSC) (the corticosteroid-binding- 
protein technique) actually measui'es a mixture of corticosteroids. This method 
is generally adequate for most clinical studies because cortisol is the princi- 
pal corticosteroid secreted by man. • However, the adrenal cortex does secrete a 
variety of biologically active steroids, and the role of stress on the relative 
secretions of each steroid has not been defined. Becaiose the investigation 
outlined in the following paragraphs is designed to elucidate mechanisms and 
make interpretations directly related to pituitary-adrenal function, each of the 
various components needs to be separated and examined. Therefore, amounts of 
the individual corticosteroids secreted by the adrenal cortex must be measured; 
this calls for even more specificity than has generally been used to date. 
Specific measurements of amounts of corticosteroids secreted are now available 
by using either radio iimmxnoas says or by separating corticosteroids by column 
chromatography; quantitation is also available by using the binding-protein 
assay (refs. 4-2 and 4-3). 
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The relevance of such specific studies is supported by two recent reports. 
Adrenocorticotropic hormone administration (the principal physiologic stimulus 
for corticosteroid secretion) has been reported to increase secretion of cortisol 
much more than it does corticosterone (ref. 4-U). In contrast, analysis of pre- 
and post-surgery plasma samples revealed that corticosterone increased propor- 
tionately more than cortisol (ref. U-5). 

If plasma cortisol is found to be the best, easiest, and most direct measure- 
ment of adrenal-cortex function, the second question is, "is it necessaiy to mod- 
ify ones interpretation of changes in plasma cortisol in variox:is circumstances?" 
That is to say, "is a significant amount of the change in plasma concentration 
resulting from altered distribution, catabolism, or excretion so that plasma 
values are not an accurate reflection of adrenal-cortex secretory activity?" The 
studies outlined in the following paragraphs are designed to provide information 
basic, to answering these questions. 

The studies will use normal male voliinteers in both stressed and unstressed 
situations. Blood will be sampled at designated intervals before, during, and 
after the stress; urine will be collected during appropriate intervals. Measure- 
ments will be made of concentrations of cortisol, corticosterone, cortisone, 

11- deoxy cortisol (Compound S), and increases in deoxycorticosterone. Inclusion 
of 11-deoxycortisol and deoxycorticosterone is desirable because of their mineral- 
ocorticoid activity. If certain stresses cause significant increases in secretion 
of mineralocorticoids , this information would be valuable in explaining changes 
in fluid and electrolyte metabolism such as those that have been observed in the 
Apollo flights. Plasma ACTH measurements will be made at Baylor College of 
Medicine, Houston, Texas. 

The studies currently planned are designed to follow plasma and \irinary 
corticosteroid concentrations, urinary metabolites of the corticosteroids, and 
plasma ACTH. The effect of stress on the ratio of cortisol bound to the trans- 
port protein and cortisol free in the plasma will be' measured. By using radioi- 
sotope techniques, plasma concentrations will be correlated with adrenal 
secretion of cortisol, and changes in distribution will be measured, initially, 
by meas\n*ing shifts in the amounts found in plasma and blood cells. Removal of 
cortisol from the plasma will be correlated with appearance in the \irine; time 
relationships and the role of changes in kidney fvinction will be evaluated. 

Changes in catabolism will be measured by changes in the ■urinary metabolites. 

The time relationships of the adrenal response to stress are of physiologic 
interest in view of the recent reports of a diphasic or triphasic response in 
stressed animals (refs. U-6 and U-T). This information is of practical value 
regarding time of sampling and interpretation of values of plasma concentrations 
subsequent to stress. 

An examination has been proposed to determine the effects of muscular exer- 
cise on the metabolism (secretion, binding, catabolism, and excretion) of corti- 
costeroids in man by using a homogeneous population of trained subjects and 
rigidly controlled exercise. Subsequent studies would investigate the effect 
of an altered nutritional status (for example, potassium deficiency) as well as 
various stresses such as heat or psychic. 
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This stu(3y will provide a better -understanding of the factors controlling 
the circ-ulating concentrations of corticosteroids as well as indicate how well 
urinary and plasma cortisol concentrations can be correlated under conditions of 
stress. Investigators will be able to decide if plasma and -urinary concentra- 
tions of cortisol are the appropriate and most informative measurements to re- 
flect adrenal-cortical secretory activity. Furthermore, this study will docijment 
altered secretion of various types of corticosteroids that play a significant 
role in fluid and electrolyte metabolism; lastly, it will reveal the similar- 
ities and differences in the effects of different types of stress. 

In addition to providing practical information for interpretation of data 
from NASA-sponsored and other stress studies (including space flights), these 
studies are of interest from other physiological viewpoints. For example, the 
proposed investigation will serve as a definitive study of the effects of exer- 
cise on corticosteroid metabolism in man, an area that remains controversial at 
this time. Furthermore, a better understanding of all the influences on the 
concentration of unbound cortisol in plasma, the biologically active fraction, 
will be invaluable in further elucidating the physiology of glucocorticoids in 
man. 
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Figxire U-1.- Diagram illustrating factors of metabolic clearance 






5. PARATHYROID HORMONE AND VITAMIN D: 


PRESENT STATUS OF PHYSIOLOGICAL STUDIES 
By John T. Potts, Jr,, M.D. , and K. G. Swenson 


PARATHYROID HORMONE 


Rapid advancement in the knowledge regarding the chemical properties of 
parathyroid hormones has been achieved in the past 2 years. The complete 
amino acid sequence of the major form of the bovine hormone has been deter- 
mined (refs. 5-1 and 5-2), and the structure of porcine parathyroid hormone 
has also been defined (ref. 5-3). Synthesis of peptides consisting of the 
amino terminal 3^ residues of the bovine and porcine hormone and numerous 
shorter sequences and analogs of the amino terminal sequence of both molecules 
have permitted studies of the minimum structural features required for bio- 
logical activity (fig. 5-1 and ref. 5-^)- 

The information concerning structure-activity relations of parathyroid 
hormone, which has resulted from these studies of the biological activity of 
synthetic fragments, has recently assumed great significance because of nu- 
merous reports indicating that the biosynthesis and metabolism of endogenous 
parathyroid hormone is quite complex. Multiple, chemically distinct forms 
of parathyroid hormone have been either identified or suspected to be present 
in the circulation (ref. 5-5). This complicates interpretation of radio- 
immunoassay studies in clinical disorders or in evaluating potential 
physiological changes, as in the studies relating to space flight. 

Several years ago, it was demonstrated that plasma parathyroid hormone 
is immunologically distinct from hc;rmone extracted from human adenomas. 

More recently (refs. 5-6 and 5 - 7 ) 9 it was shown with in vitro studies that 
the immunoreactive parathyroid hormone, which accumulated in culture media 
when parathyroid glands were incubated in organ culture, was of smaller 
molecular size than the stored 8U amino acid hormone. This led to the sug- 
gestion that parathyroid hormone is cleaved in the parathyroid gland prior 
to secretion. This conclusion had the implication that the 8U amino acid 
peptide could not be the endogenous, active form of the hormone in vivo. 

Laboratory findings (ref. 5-8) indicate that, in the peripheral circu- 
lation of both man and cow, the immunoreactive parathyroid hormone consists 
largely of a fragment (s) of the intact hormone. However, these studies have 
shown conclusively that this fragment(s) results from clea; , * ■. the pei l^^h- 

^.ral circulation and not from cleavage in the gland before release. The 
secreted hormone in man and cow is at least as large as the molecules extracted 
from glands. 
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Both the intact hormone and hormone fragment(s) are present in extremely 
low concentrations in plasma, so it has not yet been feasible to isolate the 
peptides in sufficient quantities for biological or chemical testing. There- 
fore, efforts in the authors' laboratory have concentrated on the development 
of radioimmunoassays in which antibodies have been developed or modified 
(ref. 5-9) to permit selective measurement of limited regions of the hormonal 
sequence. Because the minimum active sequence required for biological activ- 
ity has been identified, immunochemical testing can be applied to determine 
whether any fragment in circulation has the structural features required for 
this activity. Thus far, studies with endogenous hormone have established, 
through gel filtration analysis of human peripheral plasma samples, that 
there is a large peak of immunoreactive material that elutes at a position 
corresponding to a molecular weight of approximately 7000. This fragment is 
detected using antisera that recognize antigenic determinants between residues 
30 and 84, but not by antisera that recognize determinants amino terminal to 
position 30 (fig. 5-2(a)). Because this large fragment lacks a portion of 
the critical amino terminal sequence required for biological activity, it 
must be biologically inactive. Thus far, amino terminal reactivity has been 
detected only in the peak corresponding to intact hormone in peripheral httman 
plasma (fig. 5-2 (b), GP-1 preincubated with excess fragment 53 to 84). 

Cleavage of the native peptide by an endopeptidase should result in 
formation of at least two fragments. With recognition of the large fragment, 
one might have expected to detect a second fragment of molecular weight 2500* 
However, no immunoreactive fragment has thus far been found that elutes later 
in the gel co3.\amn effluent. Failure to detect such a small fragment with 
present antisera might mean only that the region of the molecule constituting 
the fragment is not recognized by the antisera. It may also mean, however, 
that the smaller fragment is destroyed at the time of cleavage or is cleared 
rapidly from the circulation in man. 

However, in preliminary animal studies in which bovine hormone has been 
infused into the dog and cow and in studies of endogenous hormone in cows, 
a small fragment equivai.ent to a molecular weight of approximately 2500 as 
well as the large fragment of approximately 7000 molecular weight has been 
identified. This small fragment is detected by two amino terminal antisera 
that fail to react with the large fragment. These studies in animals have 
increased the suspicion that a smaller amino terminal fragment will ultimately 
be found in human blood. 

Only when the exact site of cleavage of the secreted hormonal molecule 
is determined, can one assess the potential biological significance of the 
small amino fragment observed in dogs and cows and surmised by analogy to 
be present in man. The synthetic studies permit the conclusion that any 
fragment of bovine parathyroid hormone, in order to be biologically active, 
must consist of a continuous peptide sequence beginning with residue number 2, 
valine, and extending as far as residue nmber 27, lysine. As illustrated 
in figure 5-3, if the cleavage occurs "am.ino terminal to position 27> both 
fragments produced by cleavage would be biologically inactive (based on struc- 
tvire-activity considerations (fig. 5-1)). If cleavage occurs "carboxy 
terminal to position 27," the amino terminal fragment resulting from the 
cleavage might have the structural requirements to be biologically active. 
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Present investigations involving use of a series of antisera with more care- 
fully defined recognition sites will help to identify more precisely the site 
of cleavage. 

In addition to these hitherto unappreciated features of hormone meta- 
bolism, complexity has been uncovered with respect to the biosynthesis of 
the hormone. Biosynthesis of a precursor (proparathyroid hormone) to human 
and bovine parathyroid hormone has been demonstrated (refs. 5-10 to 5-13). 

Therefore, it is now known that human and bovine parathyroid hormones 
undergo at least two specific cleavages from the point of initial cellular 
biosynthesis to their ultimate disappearance from the circulation (fig. 5-^). 
The first of these cleavages occurs in the cell when proparathyroid hormone 
(molecular weight approximately 11 500 daltons) is converted to parathyroid 
hormone (molecular weight 9500 daltons), the predominant species of the hor- 
mone that is secreted into the circulation. After secretion, the hormone 
rapidly imdergoes a second cleavage in the periphery, a peak, eluting later 
than native hormone, corresponding to a fragment of molecular weight approx- 
imately TOOO daltons is detected in the general circulation. Obviously, 
these specific cleavage steps could serve as points of metabolic control 
regulating both the amount of biologically active hormone available for 
secretion as well as the concentration of hormonally active peptides circu- 
lating and interacting with receptors in bone and kidney. 

At the present time, it can be concluded that immunoassays of parathy- 
roid hormone must be interpreted cautiously in view of the complex nature 
of circulating immunoreactive hormone. On the other hand, it is clear that 
immunoreactive hormone concentration in blood does correlate with chronic 
changes in parathyroid gland secretory activity. One can state by analogy 
that the concentration of overall immunoreactive hormone in blood relates 
to parathyroid secretory rate in a manner similar to the relation between 
urinary 17-hydroxycorticoid excretion and cortisol secretory rate. In 
states of primary or secondary hyperparathyroidism, basal immunoreactive 
hormone concentrations are either absolutely increased or inappropriately 
high in relation to serum calcium. High, or at least readily detectable, 
hormone concentrations despite hypercalcemia are seen in primary hyperpara- 
thyroidism; hormone concentrations are undetectable in hypercalcemia due 
to nonparathyroid related diseases where the parathyroids are chronically 
suppressed (fig. 5-5). 

In all Apollo missions, hormone concentrations have been within the 
normal range before and after space flight. The results suggest that adap- 
tive increases in parathyroid secretory rate have not accompanied an 
exposure to weightlessness of not longer than 13 days. 

VITAMIN D 


It is now appreciated that vitamin D is stored in the body after 
formation in the skin or absorption from the diet and is converted to 
25-OH vitamin D (25-OH D) by a specific hydroxylase in the liver (ref. 5-1^). 
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Althoiagh this compound is active in vitro (while vitamin D itself is inactive), 
it has been discovered very recently that further hydroxy lation of the vitamin 
occurs in the kidney before it can act on its target tissues. It is now 
known that 25-OH D is metabolized in the kidney to 1,25-(0H)2 vitamin D 

(1,25-(0H)2 D), 2h,25-(0H)2 vitamin D (2U,25-(0H)2 D), and other dihydroxy 

metabolites that have not yet been fully identified (ref. 5-15)* It has 
been shown that 1 , 25 -( 0 H )2 D stimulates calciiun transport by the intestine 

and mobilizes bone calcium in D-deficient rats. The physiologic role of 
a second dihydroxy metabolite, 2k,2'?-{0E)^ D, is unclear, although phar- 
macologic doses mobilize skeletal calcium in the D-deficient rat while 
showing only limited stimulation of intestinal calcium transport (ref. 5-l6). 

The metabolic activation of vitamin D appears to be a regulated process 
in both the liver and the kidney. In vitro and in vivo experiments with 
the rat have suggested product inhibition of the liver hydroxylase. Using 
the competitive binding assay for D and OH-D (using a specific D binding 
protein from rat serum), the authors found wide variations in the ser\un 
OH-D levels (tenfold or greater) in D-deficient rats with little or no change 
in serum calcim and, in contrast, small changes in OH-D level with large 
changes in serum calcium (ref. 5-17)- Indeed, in these latter, clinically 
deficient animals with hypocalcemia, stunted growth, and abnormal bones, 
the OH-D levels were reduced by one-third to one-half but were detectable 
(1 ng/ml) for at least h to 5 weeks after the onset of clinical deficiency. 
Therefore, there does not seem to be any direct correlation between serum 
OH-D levels and the metabolic consequences of D deficiency, but further 
attempts to reconcile these findings with previous concepts are currently 
imderway . 

Applying these techniques directly to studies in man has been diffi- 
cult because vitamin D^ (resulting from photoactivation of precursor in 

the skin and the physiologic form in man) and vitamin D^ (from dietary 

sources) are not equipotent in the assay system with the rat binding pro- 
tein, although they are equipotent biologically. It was discovered, however, 
that the vitamin D binding protein in chick sera is relatively insensitive 
to vitamin Dg and hydroxylated D^ metabolites and might provide the basis 

for development of a selective assay for D^ and its metabolites with the 
determination of total biologically active D (D^ and D^) by subtraction 
analysis. Although crystalline vitamin Dg has been available, the lack of 
reliable hydroxylated Dg metabolites or radioactive D^ has impeded further 
development of these assays. Hydroxylated metabolites have been gen- 
erated by feeding D-deficient rats large doses of vitamin D^, with subsequent 

isolation of these metabolites from their blood. The authors have now 
purified the plasma extract free of other D metabolites by gel filtration 





cm ^matc^raphy over Sephadex LH-20 and have approximately 100 grams of 
OH that is still contaminated with a large amoimt of non-D lipid. 

Further purification of this material is presently underway. 

In related studies, it has been demonstrated that the D transport pro- 
tein from rat plasma preferentially binds the 25 hydroxylated metabolites 
of vitamin D. This has made possible the development of an assay for 25-OiI 
vitamin D directly from ethanol extracts of serum (eliminating cumbersome, 
time-consuming, preparative chromatographic separation of D and OH-D), thus 
facilitating the processing of many more samples much more rapidly (l day 
compared to 10 days). Although preliminary studies have been undertaken 
in some selected h\mian sera (where D deficiency or gross excess was sus- 
pected), most studies have focused on a rat model where the animals acted 
as their own controls (serial studies), as diiring pregnancy, lactation, 
and postlactation, or where the nature of the D intake was controlled 
(D^ or OH fed to D-deficient animals). The preliminary results have 

challenged the concept of product inhibition at the liver hydroxylase. 

The discovery that 1,25-(0H)2 D and 2k,2^-{0E)^ D are the tissue 

specific forms of vitamin D has resulted in a reassessment of the role of 
vitamin D in both normal and disordered calcium and skeletal homeostasis. 
Although extensive studies using primarily tracer kinetic analysis in vitro 
and in vivo have been done in the D-deficient rat, a number of questions 
regarding control mechanisms and metabolic determinants still remain even 
in this model. However, confirmation of these findings and their appli- 
cability to problems in man have been extremely limited, primarily because 
of the difficulties involved in tracer kinetic analysis in human subjects 
with endogenous vitamin D stores of uncertain amount and composition. 

To determine the physiologic importance of the recent discovery that 
the kidney metabolizes 25-OH D to dihydroxy metabolites and to determine 
the role this may have in disordered calcium and skeletal homeostasis in 
man, further technological developments, most specifically the development 
of assays for the dihydroxy metabolites, are necessary. The authors have 
been able to show that 1,25-(0H)2 D and 2k ^ D interact with the 

same binding protein used in the present assay (for D and 25-OH D) and to 
separate the dlaydroyrr metabolites from each other (as well as from D and 
25-OH D) by chromacograpby o‘/er Sephadex LH-20. It is feasible to develop 
an assay for the dihydroxy metabolites with adequate sensitivity to detect 
these compounds in human plasma or serirni. However, final development of 
these assays requires a reliable standard. (Synthesis of 1,25*(0H)2 

has been completed but final purification and quantitation is required, 
while 2 i^, 25 -( 0 H )2 D^ has not yet been synthesized but only generated bio- 
logically, ) The 1 , 25 -( 0 H )2 D^ standard, which should be available within 

the next few months, will make possible the measurement not only of vita- 
min D itself but also of the monohydroxylated and dihydroxy lated metabolites 
of D, Researchers may then assess the role of the renal hydroxylase(s) as 
well as that of liver hydroxylase in normal and abnormal vitamin D metabolism. 
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Figure 5-1.- The shaded area (1 to 27) of the first 3^+ residues of the 
bovine hormone indicates the minimal sequence required for biological 
activity. 




Fraction number 


(a) Peripheral vein. 

Figure 5-2.- Comparison of immunoreactivity in fractions following gel 
filtration of human plasma samples on Bio-gel P-10. Samples from pe- 
ripheral vein and parathyroid effluent vein, in assays using antisera 
GP-1 preincuhated with excess concentration of fragments 1 to 3U (C- 
terminal assay) and GP-1 preincuhated with excess concentration of frag- 
ments 53 to Si; (N-terminal assay). Concentration expressed in nanograms 

of human parathyroid hormone (HPTH)/0.2 ml fraction sample; the ^^^I-hovine 
parathyroid hormone (BPTH) was co-chromatographed; marks the 

void volume. The crosshatched area represents the sensitivity limits 
of the radioimmunoassays. 
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Figure 5-3.- Model of the two alternate metabolic cleavage sites of 
parathyroid hormone. The crosshatched area indicates the minimal se- 
quence required for biological activity. 


Cell Circulation 



Figure 5-U.- Model of biosynthesis, secretion, and metabolism of parathy- 
roid hormone in vivo. 
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Parathyroid hormone, ng/ml 



30 normal adults 

20 patients with 
primary hyperparathyroidism 

10 patients with hypercalcemia 
of nonparathyroid origin 


Figure 5-5.- Com-Darison of basal plasma parathyroid hormone concentrations 
in normal adults, patients with primary hyperparathyroidism, and natients 
with hypercalcemia of nonparathyroid origin. The dashed line indicates 
the usual minimum detection limit for plasma parathyroid hormone. 
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6. ANTAGONISTIC EFFECT OF LITHIUM ON 


ANTIDIURETIC HORMONE ACTION 
By Myron Miller, M.D. 


Studies dealing with the influence of various drugs on antidiuretic 
hormone (ADH) secretion or action have been made. In these studies, chlor- 
propamide (an oral sulfonylurea agent) has been shown to be an effective anti- 
diuretic agent in the treatment of diabetes insipidus (Dl) (ref. 6-l) and has 
been found to act both by stimulating ADH release from the neurohypophysis and 
by potentiating the action of small amounts of ADH at the renal tubule 
(refs. 6-2 and 6 - 3 ). More recently, the hypolipidemic agent clofibrate has 
been demonstrated to stimulate ADH release (ref. 6 - 4 ). As yet, no clinically 
usable drug is available that is capable of interfering with ADH release or of 
inhibiting ADH action on the kidney. Several reports have been written which 

demonstrate that lithium ion (Li"^) is capable of causing polyuria in animals 
and man (refs. 6-5 and 6 - 6 ). This report verifies the observation and provides 

data on the mechanism of Li"^ induced polyuria. 


MATERIALS AND METHODS 


Studies were made of normal rats and rats of the Brattleboro strain that 
were either heterozygous or homozygous for hereditary hypothalamic DI. The 
animals were housed in metabolic cages, and urine was collected at 24-hour 
intervals. After baseline collection periods, normal or heterozygous DI rats 
were given daily subcutaneous injections of lithium chloride (LiCl) solution, 
0.3 to 0.4 meq/100 g bo(ty weight. Urine was collected for determination of 
voliome, osmolality, ADH, soditmi, potassivm, and creatinine. After a control 
period, rats homozygous for DI were given subcutaneous vasopressin tannate in 
oil, 100 mU/100 g body weight. Half of this group also received simultaneous 
injections of LiCl, 0.3 meq/100 g body weight. Urine and pituitary ADH content 
were measured in one group of heterozygous DI rats before and after 2 days of 
dehydration. The ADH was measured by radioimmiinoassay (refs. 6-7 and 6 - 8 ). 


RESULTS 


Normal rats given Li 0.4 meq/100 g body weight developed polyuria and 
decrease in urine osmolality within 24 hours from initiation of treatment. 

This condition increased progressively so that by 5 days of treatment the mean 
urine volume increased from T.l to 38.2 ml/24 hr and mean urine osmolality de- 
creased from 2734 to 648 mOsm/kg (fig. 6 - 1 ). A similar response occurred in 
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heterozygous DI rats given Li 0.3 meq/100 g body weight (fig. 6-2). In 
these animals, urine voliune rose progressively from a mean of 11.6 to 
ml/2h hr, while mean virine osmolality fell from 1T60 to 522 mOsm/kg. Urinary 
ADH excretion increased from 0.31 mU/2k hr before treatment to 0.82 mU/2i+ hr 

after 5 days of Li"*” treatment (fig. 6-3), thus indicating that the polyuria 
was not due to impaired ADH release. After 2 days of dehydration, urinary ADH 
excretion increased to 2.20 mU/2li hr in untreated animals and to 1.95 mU/2k hr 

in Li"*" treated rats, values not significantly different from each other 

(fig. 6-3). Four days of Li^ treatment did not affect pituitary ADH content 
in normally hydrated rats and did not prevent the pituitary ADH depletion 
induced by 2 days of dehydration (fig. 6-4). These observations demonstrate 

that the Li'*' effect occurs without interference with ADH synthesis or release. 

Injection of Li'*' 0.3 meq/100 g body weight blocked the antidiuretic 
effect of vasopressin given to rats homozygous for hereditary hypothalamic 

DI (fig. 6-5). The Li^ treatment resulted in a significant decrease in the 
amount of injected ADH that was excreted in the urine (fig. 6-6). 


DISCUSSION 


The data presented here clearly demonstrate that Li is capable of read- 
ily inducing polyuria both in normal rats and in rats with diminished neuro- 
hypophyseal ADH content. The polyuria occurs without associated decrease in 
urine ADH excretion and, in fact, there is a moderate increase in ADH excretion 
that is probably secondary to mild dehydration resulting from the marked 
polyuria. There is no apparent defect in neurohypophyseal ADH synthesis or 

release as a consequence of Li"*" treatment because pituitary ADH content is un- 
affected and 2 days of dehydration produce the expected increase in urine ADH 
excretion and decrease in posterior pituitary ADH content. 

Lithium ion given to vasopressin-treated rats with severe DI can com- 
pletely block the effect of the administered vasopressin. Therefore, it can 

be concluded that Li"*" induced polyuria results from an antagonistic effect of 

Li"*^ on the action of ADH at the renal tubule level, and thus creates 

a state of nephrogenic DI. There appears to be no effect of Li"*" on ADH 
synthesis or release. From other data in published reports, it is suspected 

that Li"*" interferes with ADH stimulation of renal medullary adenyl cyclase and 
thus prevents formation of intracellular cyclic adenosinemonophosphate , the 
apparent mediator of ADH effect within the cell (refs. 6-9 and 6-10). 

Lithium in the form of lithium carbonate is an approved drug currently 

used in the treatment of manic-depressive psychosis. The ability of Li"*" to 
cause ADH antagonism in the human similar to that produced in the rat has been 
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demonstrated by the observation that patients treated with lithium carbonate 
have developed a nephrogenic Dl-like syndrome. Possibly, the diuretic effect 

of Li"*” may prove to be useful in the treatment of clinical states associated 
with excessive water retention. 
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Control (mean - standard error (SE)) 
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Figure 6-1.- Response of urine volume and osmolality to Li"*" injection in 
normal rats. Control animals received distilled water subcutaneously in a 

volume equivalent to that injected into Li^ treated animals. 
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treatment treatment dehydration 

Figvire 6-3.- Effect of Li"^ on urinary ADH excretion in heterozygous DI rats 
Five days of treatment resulted in a moderate but statistically insignifi' 
cant increase in ADH excretion. Urine ADH increased to the same extent 

following dehydration in untreated and Li'*’ treated animals. 
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Figure 6-U.- Effect of Li on posterior pituitary ADH content 
heterozygous DI rats. Lithium ion treatment had no effect 
content of normally hydrated rats or of rats dehydrated for 
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Figure 6-5.- Effect of Li"*" on vasopressin-induced antidiviresis in rats 
homozygous for DI. Lithium ion injection completely blocked the effect 
of vasopressin. 
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Fi^rure 6-6.- Effect of Li"^ on urinary excretion of injected vasopressin in 
homozygous DI rats. Lithium ion significantly decreased the excretion of 
exogenous vasopressin. 
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7. SKYLAB BODY-FLUID VOLUMES STUDY 
By Philip C. Johnson, M.D. , and Carolyn S. Leach, Ph.D. 


The body contains three measurable water-containing volumes: plasma 

volume, interstitial space, and intracellular water. The kidneys have a 
major role in maintaining each of the body-fluid compartments at adequate 
levels. Much of the renal regulation occurs in response to the water hormone 
(anti diuretic hormone) and electrolyte hormones (aldosterone, corticosterone, 
and hydrocortisone). Even slight changes in fluid volumes can trigger 
hormonal activity to which the kidney responds. Therefore, the study of 
these volumes sho\;ild include hormone measurement; and, vice versa, the study 
of these hormones should include estimates of these voliunes. 

Extracellular fliiid (ECF) consists of a vascular and nonvascular 
component (interstitial). The vascxilar portion (plasma volvime) or ECF 
xmdergoes changes that seem to be related to the duration of the mission. 

The extravascular portion of the ECF might be expected to change, because 
it would seem logical that the upright posture on Earth would tend to cause 
an accumulation of interstitial fluid in the dependent portions of the body. 

Thus , interstitial fluid mi^t have a labile portion similar to the labile 
portion of the plasma volume. The ECF measurements after prolonged bed 
rest seem to confirm this observation (ref. 7-1 )• However, the two 
Apollo missions in which ECF was measured suggest no significant change in 
the interstitial portion of the ECF. The mean-percent-volume change for 
the six crewmembers was -1.5 percent. When this was converted to percent 
change per ml/kg body weight, the value was +2.h percent. This indicates that 
tissue loss rather than change in ECF was the cause of the body-weight loss. 

Total body water (TBW) includes both extracellular and intracellular 
fluid. The extracellular portion of TBW is the ECF, and the intracellular 
portion is a measure of lean body mass. In the two Apollo missions in which 
TBW of the returning crewmembers was measured, the values indicate no signifi- 
cant change in intracellular fluid concentration. The res\ilts are consistent 
with tissue loss because the mean-percent TBW volume change was -2.1 percent, 
but when it was expressed as percent per ml/kg body weight , the mean was 
-^0.7 percent. 

Regulation of fluid volumes can occur primarily through hormones that 
affect water regulation or hormones that affect electrolyte regulation. 

No matter which hormone starts the process, both types of regulation eventually 
occur to effect an isotonic result. In weightlessness, the early cheuige seems 
to be a fluid shift in the vascular volume that secondarily causes electrolyte 
effects by means of the adrenal hormones. Studies from the Apollo 15 mission 
indicate a significant loss of exchangeable potassium during that lunar landing 
mission. The most plavisible explanation of a decrease in exchangeable pot sis slum 
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is that wei^tlessness causes fluid shifts and losses that eventually require 
increased aldosterone production to counterbalance the effects of water 
loss. Under the influence of this hormones potassium is lost and sodium 
is returned by the kidneys. The retention of sodium eventually increases 
plasma volume. 

The concomitant loss of potassium and -unchanged intracellular fluid 
found in the Apollo 15 mission suggest that the potassium loss represented 
both a loss of tissue cells, perhaps muscle cells, and a loss of potassium 
from the remaining cells. The cause of this tissue loss is undetermined. 
Certainly, lack of physical exercise would not explain it, because atrophy 
from disuse takes considerably longer than the ih days of the longest 
mission to date. 

Orbital- flight produces changes in the vascular fluid compartments, 
and some of these changes seem related to the d-uration of the mission. 

Skylab, being the longest mission, will give investigators an opportimity 
to determine if the changes observed in shorter missions are progressive 
with time or merely time-limited changes associated with space flight. 

The TBW, ECF, and total exchangeable-potassium methods that have been 
developed during the Apollo Program and that will be used for the Skylab 
studies have already been described. 

Body-fluid spaces can be measured by various chemical and radionuclide 
techniques. Radionuclide methods were chosen because they do not require 
injection of large vol-umes of dyes or other substances that might cause 
changes in the systems or cause allergic reactions. Additionally, radio- 
nuclide procedures allow the use of smaller amounts of blood and urine. 

All radionuclide studies cause radiation exposure to the subject; the total 
body exposure that will result from the Skylab radionuclide studies is shown 
in table T-I* This table also includes the radionuclides that will be used 
to determine blood volimie and red-cell production and life span. These 
levels allow investigators to keep the total body radiation within the limits 
required for occupational exposure. Actual exposure of the crewmembers to 
date (from all sources including orbital and lunar missions, medical X-ray, 
and radionuclide studies) has been only a small fraction of the exposure 
allowed for continuous total body occupational exposure. Orbital missions, 
such as Skylab, will not be associated with significant radiation exposure 
unless unprogramed time is spent in the Van Allen belts and particularly 
in the South Atlantic anomaly. Considering this, there seems no chance 
that the dosage limits of the National Academy of Science will be approached 
in Skylab. 
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TABLE T-I.- TOTAL BODY EXPOSURE TO RESULT FROM SKYLAB RADIONUCLIDE STUDIES 
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“Maximum permissible total occupational body exposure is 1.25 rems /quarter . This can be 
increased to 3.0 rems/quarter if total for the year is less than 5.0 rems. 




8. RECENT STUDIES ON DAILY RHYTHMIC CHANGES IN SEROTONIN 


CONTENT IN AREAS OF THE MOUSE BRAIN AND 
NOREPINEPHRINE CONTENT IN AREAS OP THE HAMSTER BRAIN 
By William W. Morgan, Ph. D. 


INTRODUCTION 


The presence of diurnal rhythmic changes in the content of biogenic amines 
in the brains of rodents is well established. Diurnal changes in serotonin 
content (refs. 8-1 to 8-10), norepinephrine content and synthesis (refs. 8-3 to 
8-5 and 8-10 to 8-l6) , dopamine content (refs. 8-5 and 8-15), and acetylcholine 
content (ref. 8-17) have been reported. Although the physiological signifi- 
cance of these phenomena is poorly understood, daily changes in some of the 
biogenic amines have been correlated with similar changes in other functional 
parameters. Friedman and Walker (ref. 8-3) have reported positive correlations 
between diurnal changes in rectal temperature and motor activity and the daily 
rhythm in norepinephrine content in rat brains. These same researchers found 
that the highest levels of brain serotonin during the day were correlated with 
the rest and sleep phases of the daily activity cycle. Schreiber and 
Schlesinger (ref. 8-l8) found an inverse correlation between circadian varia- 
tions in serotonin content and susceptibility to audio genic ally induced seizures 
in DBA-2J mice. Scapagnini et al. (ref. 8-9) found a positive correlation 
between circadian changes in serotonin content in certain regions of the rat 
brain and similar daily changes in plasma corticosterone levels. After damp- 
ening of the serotonin rhythm by para-chlorophenylalanine (PCPA), these 
researchers found no daily changes in plasma corticosterone (ref. 8-9). 

Although the presence of diurnal changes in the content of some of the 
biogenic amines is well documented and some evidence is available to suggest 
that they may have physiological significance, very little is known about the 
factors that produce or regulate these daily rhythmic changes in the content of 
the brain amines . 

This report summarizes the results of recent experiments performed in the 
author's laboratory to investigate the factors involved in the production and 
regulation of daily rhythm changes in serotonin content in the mouse brain and 
similar changes in norepinephrine content in the hamster brain. 
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METHODS 


The first series of experiments was undertaken to determine the natture of 
the daily rhythms in serotonin content in the cerebral cortex and the brainstem 
of mice. Five experiments of this type were performed. In each experiment, 

36 adult male Balb/C or AJAX mice were housed in groups of six and maintained 
on a schedule of 12 hours of light and 12 hours of dark (l2:12 LD), with the 
lights on from O9OO to 2100 daily. (All times are central standard time.) 

After 3 weeks , the animals were sacrificed in groups of six at 4-hour intervals 
over a 24-hour period. The first sacrifice was performed at O8OO and the last 
at 0400. Sacrifices at 4-hour intervals provided a good resolution of the 
serotonin rhythm without disturbance to the remaining animals by excessive 
entrance into the animal room. Sacrifices during the dark phase were performed 
with illumination provided by a red photographic safety light (Wratten 
1 filter). 

The animals were sacrificed by rapid decapitation. The skull of each ani- 
mal was opened and the brain was removed. The cerebellum was discarded and the 
brainstem and cerebral cortex were dissected as described in reference 8-12. 

The dissected brain portions were weighed and put into cold (277 K (4° C)) acid- 
ified butanol for homogenization. Serotonin and norepinephrine were extracted 
by using the method of Maickel et al. (ref. 8-19)* The 5-hydroxyindoleacetic 
acid (5-HIAA) content was determined, after further extraction and quantitation 
of each brain homogenate, by using the method of Curzon and Green (ref. 8-20). 
Serotonin was quantitated by using the o-phthal dialdehyde method of Maickel 
et al. (ref, 8-19 ) as modified by Alpers eind Hirawich (ref. 8-21). Norepine- 
phrine was quantitated by the method of Chang (ref. 8-22). The statistical 
significance of the changes in the content of serotonin, norepinephrine, or 
5-HIAA with time of day were determined by the analysis of variance. 

In another experiment , the role of feeding and of plasma tryptophan in the 
regulation of the daily rhythm in serotonin content in the mouse brain was 
investigated. For this experiment, 72 adult male AJAX mice were divided into 
two equal groups. These animals were housed and exposed to the 12:12 LD regime 
as previously described. The control animals had free access to food (Purina 
Lab Chow) and water. The experimental animals were given water ad libitiim but 
were given food for only 4 hours daily, between 1000 and l400. After 5 weeks, 
the mice were weighed and then sacrificed by decapitation in groups of 12 
(six controls and six experimentals ) at 4-hour intervals over a 24-hour period 
as previously described. Blood from the cervical wound was collected in a 
heparinized 9-milliliter test tube. The brain was removed and divided longitu- 
dinally into symmetrical right and left halves. The serotonin content was 
determined in one half as described earlier; tryptophan content in the other 
half of brain was determined by using the method of Denckla and Dewey 
(ref. 8-23). The blood was centrifuged and the tryptophan content was deter- 
mined in the plasma fraction. The statistical significance of the differences 
in plasma tryptophan, brain tryptophan, or brain serotonin with changes in the 
time of day in both control and experimental animals was determined by the anal- 
ysis of variance. Effects of t; 2 feeding regime on the phasing (clock hour of 
peaks and troughs) of the daily rhythms in each of the above parameters were 
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determined by comparing graphs of the rhythm for each parameter in control as 
opposed to experimental animals. 

In a recent experiment , the turnover of serotonin was measured in AJAX mice 
at various times of the day to determine how changes in the rate of synthesis or 
degradation of serotonin might be related to diurnal changes in the serotonin 
content in the mouse brain. As before, 36 mice were housed six per cage and 
exposed to the 12:12 LD regime. At 0800, six mice were given an intraperitoneal 
injection of probenecid (200 mg/kg) to inhibit the active transport of 5-HIAA 
from the brain. The probenecid was dissolved in IH sodium hydroxide and 
then buffered to pH 7*^ with 0.5M phosphate buffer. At the same time, six non- 
injected control mice were sacrificed. Their brains were dissected into brain- 
stem and cerebral cortex portions, as previously described. Serotonin and 

5- HIAA were extracted and quantitated in these brain areas. Two hours later 
(at 1000) the probenecid-treated animals were sacrificed and their brains were 
collected and analyzed in the same manner as the controls. The same procedure 
of injecting probenecid into animals and sacrificing of controls was repeated 
at l600 and 0200. The animals treated with probenecid at these time periods 
were sacrificed at l800 and OUOO, respectively. The percent increase in 5-HIAA 
content over the 2-hour period in the probenecid- treated animals was determined 
by subtracting the mean level of 5-HIAA in the noninjected controls from the 
mean 5-HIAA level in the probenecid-treated animals sacrificed 2 hours later and 
the division of this value by the control 5-HIAA value. The statistical sig- 
nificance of the differences in the total 5-HIAA levels and the serotonin 
levels in the control and in the probenecid-treated animals at different times 
of the day was determined by the analysis of variance. 

Experiments were also undertaken to investigate the nature of daily 
rhythmic changes in the levels of norepinephrine in the brainstem, the dienceph- 
alon, and the cerebral cortex of male golden hamsters. In each experiment, 

6- week- old male golden hamsters (Lake view. New Jersey) were housed six per cage 
end exposed to a lL:10 LD regime. The light phase was from 0600 to 2000 daily, 
and room temperature was maintained almost constant at 295 K (22° C). Food and 
water were available ad libitim. 

In the first study, 2k hamsters were housed for a period of 3 months. On 
the day of sacrifice, the hamsters were sacrificed in groups of six at 0800, 
lUOO, 2000, and 0100. Sacrifice of all animals in the respective groups was 
completed within 45 minutes. During the dark phase, animals were sacrificed 
under a dim red light; after sacrifice, the skull was opened immediately and the 
whole brain removed. The cerebelliom, the pineal gland, and the olfactory bulbs 
were dissected and discarded. The brainstem was separated from the spinal cord 
by a transverse section just posterior to the fourth ventricle. The dissection 
of the brainstem was completed with a transverse section just anterior to the 
superior colliculi. The brain was inverted and the dissection of the dienceph- 
alon was begun by two sagittal cuts, one on each side of the hypothalamus, made 
slightly oblique to cut parallel to the internal capsule. A transverse cut 
through the region of the anterior commissure completed the dissection of the 
diencephalon. The remainder of the brain was considered collectively as the 
cerebral cortex. Norepinephrine content in each brain area was extracted by 
using the method of Maickel et al. (ref. 8-19) and quantitated by the method of 
Chang (ref. 8-22). 
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In a second study on the daily norepinephrine rhythms in the hamster brain, 
25 hamsters were maintained in the previously described environmental conditions 
for 1 month. On the day of the experiment, the animals were sacrificed in 
groups of f i'. i at O6OO, 1200, 16OO, 2000, and 2U00. In this study, only the 
brainstem was dissected. Norepinephrine in this brain area was extracted and 
quantitated by using the method of Shellenberger and Grordon (ref. 8-2U), 

In a third study, animals were sacrificed in groups of six at 0800, l400, 
1800, and 0100. The brainstem, the diencephalon, and the cerebral cortex of 
each of these animals were collected; norepinephrine was extracted by using the 
Maickel et al. method (ref. 8-19) and quantitated with the Chang method 
(ref. 8-22). 


RESULTS 


Graphs representative of the daily rhythmic changes observed in serotonin 
content in the brainstem and cerebral cortex of adult male AJAX mice are shown 
in figure 8-1. Only one peak in serotonin content is observed in the mouse cer- 
ebral cortex. As shown in figure 8-1, the peak (P) level of serotonin content 
in the cerebral cortex occurred at 1200 during the early light phase (with illu- 
mination occurring from O9OO to 2100), whereas the lowest or trough (T) level 
occurred late in the dark phase at OhOO. Two peaks in serotonin content are 
typically seen over the 2U-hour day in the brainstems of male mice. In fig- 
ure 8-1, these peaJcs are observed at O8OO (just before the onset of the light 
phase) and at 2UOO (3 hours after the onset of the dark phase). In figure 8-1, 
troughs in the daily rhythm in brainstem serotonin occur at I60O and 0400. The 
lowest level of brainstem serotonin is observed late in the dark phase at 0400. 

The clock hours of the peak and trough serotonin levels found in the cere- 
bral cortex of adult male mice in three separate experiments are indicated in 
table 8-1. Balb/C mice were used in the experiment conducted April 26, 19T2, 
while AJAX mice were studied in the experiments conducted May 30, 1972, and 
June 20, 1972. In the experiment performed May 26, the peak in serotonin con- 
tent was observed at 0400, late in the dark phase, but was again equally as high 
at 0800. It could not be determined whether serotonin levels remained high 
throughout the 4-hour period between 0400 and 0800. In that same experiment, 
the trough in the serotonin rhythm in the cerebral cortex was observed at 2400, 
also during the dark phase. In the experiment performed May 30, the serotonin 
peak was observed at 1200, during the early light phase; and the trough was ob- 
served at 0400, late in the dark phase. In the experiment performed June 20, 
the peak in serotonin content in the cerebral cortex was again observed at 1200 
and the trough was observed again in the dark phase at 2400. In all three ex- 
periments, the lowest level of serotonin was observed during the dark phase of 
the lighting regime. 

The clock hours of the first and second peaks (Pl and P2) in the serotonin 
rhythm in the brainstem of adult male mice for five separate experiments are 
shown in table 8-II. The clock hours of the first and second troughs (T1 and 
T2) are also shown for these experiments. Balb/C mice were used in the first 
three experiments, which were perfonried on February 15, 1972, February 23, 1972, 
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and April 26, 1972; and AJAX mice were studied in the May 30, 1972, and 
June 20, 1972, experiments. In the experiment conducted February 15, 1972, 
peaks in the serotonin content were observed at 0800 and at 2000, vhile the 
troughs were observed at l600 and 0400. In the experiment performed Febru- 
ary 23, 1972, peaks in the serotonin content were again observed at 0800 and 
2000, and the troughs occurred at l600 and 0200. In the April 26 study, the 
peaks occurred at 1200 and OUOO, and the troughs occurred at 0800 and 2^00. 

The clock hours of the peaks in brainstem serotonin content were identical 
(0800 and 2U00) for the experiments of both May 30 and June 20. The clock 
hours of the troughs in the former experiment occurred at l 600 and O^tOO and 
those in the latter occurred at 1200 and OUOO. In all the experiments except 
that of February 23, the lowest mean level of serotonin was observed during the 
dark phase of the lighting regime. 

Although they were sought in each experiment, significant daily changes in 
the content of norepinephrine have not been consistently found in any brain area 
in either Balb/C or in AJAX mice. It is thus reasonable to assume that daily 
changes in norepinephrine content are not characteristic of the mouse brain. 

Changes in the content of 5-HIAA, the primary metabolite of serotonin, in 
the cerebral cortex of mice with changes in the time of day are shown in 
figure 8-2. The results of three different experiments are compared in this 
figure. The changes in the content of 5-HIAA in the cerebral cortex with time 
of day were statistically significant (P < 0.05) in all three experiments. In 
experiment 1, the peak in 5-HIAA content was observed at 2000 with equally low 
levels observed at 0800 and 2400. In experiment 2, two peaks in 5-HIAA seem to 
be present. Both occiarred during the dark phase, one at 0800 and the second at 
2k00. Two almost equally low levels in the 5-HIAA content were observed in 
experiment 2, one at l600 and the second at OkOO. In experiment 3, one peak in 
the 5-HIAA content was clearly evident. This peak occ\irred at 2k00, whereas the 
lowest level of 5-HIAA occurred at l600. 

Changes in the levels of 5-HIAA in the brainstem with time of day were not 
always statistically significant. The time periods when brainstem 5-HIAA were 
high or low also varied from one experiment to another. Further studies on 
daily changes in brainstem 5-HIAA are presently underway, but no data on 5-HIAA 
content in the brainstem will be presented here. 

Figure 8-3 summarizes the results of a preliminary experiment in which the 
turnover of serotonin in the cerebral cortex of AJAX mice was determined during 
three separate times over a 2k-hour day. The turnover of serotonin was deter- 
mined by measuring the accumulation of 5-HIAA in the cerebral cortex after the 
active transport of- this metabolite from the brain was inhibited by the injec- 
tion of probenecid (200 mg/kg) (ref. 8-25). At 1000, the 5-HIAA content had 
increased 75 percent over that observed in mice sacrificed 2 hours earlier at 
the time when the experiment mice received their probenecid injection. At l800, 
the probenecid-injected animals had accumulated k5 percent more 5-HIAA than the 
controls. At OUOO, the 5-HIAA content of the probenecid-injected animals was 
only 5 percent greater than that observed in the control animals sacrificed 
2 hours earlier. The decrease in the total level of 5-HIAA acctimulated in the 
cerebral cortex of the probenecid-treated animals at OkOO was statistically 
significant (P < O.Ol) compared to the levels found in the probenecid animals 
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at 1000 and l80C . The content of 5-HIAA in the cerebral cortex of the control 
animals sacrificed at 0200 was greater than that observed in the control animals 
at 0800 and 16OO5 but this increase in 5-HIAA content in the control animals was 
not statistically significant. 

Figures &-h to 8-6 summarize the results of an experiment to test the 
effect of a restricted feeding regime on the daily serotonin rhythm observed in 
the whole brain of AJAX mice. As described in the section entitled "Methods^” 
the control mice had food available ad libitum, whereas the experimental animals 
were given food for only k hours, between 1000 and lUOO daily. Preliminary 
studies indicated that these mice normally eat almost 80 percent of their food 
during the dark phase of a 12:12 LD regime. 

In figure 8-4, the daily changes in whole plasma tryptophan are compared 
for the control and the experimental animals. The changes in plasma tryptophan 
with time of day in both groups of animals were highly significant (P < O.Ol). 
Figure 8-4 clearly shows that the rhythm in plasma tryptophan was markedly 
altered in the experimental animals maintained on the daily feeding regime. The 
highest levels of whole plasma tryptophan in the control animals occurred during 
the dark phase at 2400. This is approximately the same period in which the con- 
trol mice were eating the major portion of their daily food intake. In the 
experimental animals , the highest level of plasma tryptophan occurred during the 
light phase at 1200. This time period falls at the midpoint of the time inter- 
val when food was available to these experimental animals. 

In figure 8-5, the diurnal changes in brain tryptophan content are compared 
for the control mice in relation to those on the feeding regime. The dif- 
ferences in brain tryptophan with time of day were statistically significant for 
both the control and the experimental animals (P < O.Ol). Unlike the situation 
with regard to whole plasma tryptophan, the phasing of the daily rhythm in brain 
tryptophan was not appreciably affected by the feeding regime. The highest 
levels of brain tryptophan in both groups of animals occurred at O8OO (l hour 
before the onset of the light phase of the lighting regime). The levels of 
tryptophan in the brains of the control animals and the experimental animals 
were essentially the same at corresponding time points throughout the 24-hour 
period. Only at 2000 do the standard errors of the means for the control and 
experimental animals not overlap. Even at this time period, the mean levels of 
brain tryptophan in the two groups of animals were not statistically 
significant . 

The daily rhythms in brain serotonin in the experimental and the control 
animals are compared in figure 8 - 6 . The differences in serotonin content with 
time of day were statistically significant in both groups of animals 
(P < 0.005/. As with brain tryptophan, there was no apparent difference in the 
phasing of the daily serotonin rhythms in the experimental compared to the con- 
trol animals. However, the content of serotonin in the brains of the control 
animals was significantly greater than that of the experimental animals at O8OO 
and 1200 (P < 0.025). When the results of figures 8-5 and 8-6 are compared, 
the changes in brain serotonin with time of day seem to parallel similar 
changes in the content of brain tryptophan. 
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Other experiments were concerned with determining the nature of diurnal 
changes in norepinephrine content in the brainstem, the di encephalon, and the 
cerebral cortex of male golden hamsters. The resvilts of one such experiment 
are summarized in figure 8-7. In this study, statistically significant changes 
in the content of norepinephrine were observed in the brainstem, the diencepha- 
lon, and the cerebral cortex. The highest levels of norepinephrine in each of 
these three brain areas were observed at the end of the light phase (2000). 

The highest levels of norepinephrine in the brainstem, the diencephalon, and 
the cerebral cortex represented respective increases of 2h percent, U6 percent, 
and 36 percent over the lowest levels of norepinephrine observed in each area. 

In the first experiment on hamsters, norepinephrine had been extracted 
from each of the brain areas by the method of Maickel et al. (ref. 8-19). In 
the second experiment on hamsters, only the brainstem was studied, and the 
norepinephrine in this brain area was extracted by using the Shellenberger and 
Gordon procedure (ref. 8-2ii). The results were very similar to those found for 
the brainstem in the first study (fig. 8-8). The peak of norepinephrine con- 
tent was observed at 160O and the lowest content of norepinephrine was observed 
at 0600, the end of the dark phase. The lower levels of norepinephrine 
observed in the first experiment suggest that the Maickel and the Shellenberger 
methods were giving different values for norepinephrine content in the hamster 
brain. However, in the third experiment shown in figure 8-8, the levels of 
norepinephrine found in the hamster brainstem by the Maickel method were in 
close agreement with those foiond in the second experiment by the Shellenberger 
method. In this third study, the peak level of norepinephrine in the hamster 
brainstem was observed at 18OO, and the norepinephrine was almost equally low 
at 0800 and l400. 


DISCUSSION 


As shown in figure 8-1 and table 8-1, significant changes in the content 
of serotonin are observed in the cerebral cortex of adult male mice. In AJAX 
mice, only one peak in serotonin content is observed, usually early in the 
light phase at 1200. Visual observations indicate that this is the period in 
which these animals are relatively inactive or asleep. The lowest level of 
serotonin in the cerebral cortex is observed in the dark phase at 2^+00 and 
OUOO. This is the period in which the animals are active and are eating 
approximately 80 percent of their normal daily food consxmption. As shown in 
table 8-1, Balb/C mice also have a similar daily rhythm in cerebral cortex 
serotonin. The peak in serotonin content in this strain occurred somewhat 
earlier at OUOO and 0800. However, statistically significant changes in sero- 
tonin content with time of day were not always observed in the Balb/C strain of 
mice. 


Statistically significant changes in serotonin content with time of day 
have been observed in the brainstem of mice in every experiment to date. Char- 
acteristically, there are two peaks in serotonin content in the brainstem 
(fig. 8-1 ). The phasing (clock hour of peaks and troughs) of the serotonin 
rhythm in the brainstem is almost the same from experiment to experiment 
whether Balb/C or AJAX mice are studied (table 8-II). The first peak in the 
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serotonin content in the brainstem is observed usually near the end of the dark 
phase (0800) or during the early light phase (1200) (table 8-II). The first 
trough is observed in the light phase, usually at 16OO or at 1200. In one 
study, the first trough was observed at 0800. The second peak is observed 
during the dark phase (2UOO or OhOO) or Just before the onset of the dark phase 
at 2000 (table 8-II). The second trough is always found during the dark phase 
(2400 or 0400) and in almost all cases represents the lowest level of serotonin 
observed diaring the 24-hour period. 

When changes in 5-HIAA (the major metabolite of serotonin) content are 
measured at different time periods over the 24-hovir day, one peak in the con- 
tent of this substance is usually seen (fig. 8-2). This peak occurs during the 
dark phase (2400) or just before the onset of the dark phase (2000). The 
second peak (observed in experiment 2 at O8OO) may represent the same peak 
observed at 2400 during the subsequent dark phase. Throughout the 24-hour 
period, the 5-HIM levels in the cerebral cortex axe usually inversely corre- 
lated with the levels of serotonin. If changes in the 5-HIAA content in the 
cerebral cortex are correlated with changes in serotonin metabolism, the 
inverse relationship between 5-HIAA and serotonin content may imply that the 
daily serotonin rhythm is due to changes in the rate of its metabolism. If 
this were true, then serotonin metabolism would seem to be greater during the 
dark phase. On the other hand, the changes in 5-HIAA content over the 24-hour 
period may not reflect changes in serotonin metabolism but rather may reflect 
changes in the rate at which 5-HIAA. is actively transported from the brain. 

When the turnover of serotonin was determined by measuring the accimiula- 
tion of 5-HIAA after probenecid injection, a significant decrease in serotonin 
turnover was observed in the dark phase (0400) compared to the light phase 
(1000 and 1800). This supports the recent report of Hery et al. (ref. 8-26) 
who found a decrease in serotonin synthesis in the rat brain during the dark 
phase. These results support the suggestion of Friedman and Walker (refs. 8-3 
and 8-4) that the high levels of serotonin observed in rat brain during the 
light phase may be functionally related to the decreased activity of these ani- 
mals during the light phase. The resxxlts of this experiment on serotonin turn- 
over suggest that the daily changes in 5-HIAA content observed in the previous 
experiments are a result of changes in the transport of this metabolite out of 
the brain rather than a result of changes in the turnover of serotonin. At 
this writing, only one experiment measuring the turnover of serotonin has been 
performed. Other studies are needed before any conclusion about the relation- 
ship of serotonin turnover to the daily serotonin rhythm can be determined. 

Fernstrom and Wurtman (ref. 8-27) have suggested that the daily rhythm in 
rat brain serotonin may be the result of similar daily variations in plasma 
tryptophan. Perez-Cruet et al. (ref. 8-28) have proposed that the diurnal 
changes in brain serotonin may be secondary to ditirnal cycles in feeding and to 
the influence of food intake on circulating levels of plasma tryptophan. The 
results of the experiment summarized in figure 8-6 do not seem to support a 
major role for daily food intake as a factor involved in the regulation of the 
daily serotonin rhythm in mouse whole brain. As shown in figure 8-6, the 
phasing of the daily serotonin rhythms in the whole brains of control and 
experimental mice was the same even thoiigh the experimental mice were given 
food for only a 4-hoiar period, from 1000 to l400 daily. The control mice 
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normally eat 80 percent of their daily food consumption during the dark phase 
(2100 to 0900) of a 12:12 LD regime. The content of brain serotonin in the 
experimental mice was significantly lower than that of the controls at O8OO and 
1200 (P < 0.025). These time periods represent times just before and dtiring 
the period of food consumption for the experimental animals. It is likely that 
the serotonin contents in the brains of the experimental animals are lower at 
these time points because these animals are awake and eating at this time 
instead of resting, as the control animals are. The content of brain serotonin 
in the experiment mice at O8OO is still the highest observed dxiring the 2U-hour 
period. 

Food intake does not seem to be a major factor affecting the daily rhythm 
of brain tryptophan in mice. The results outlined in figure 8-5 show that the 
restricted feeding regime did not alter the brain tryptophan content or the 
daily rhythm in the levels of tryptophan in the whole brain of the experimental 
mice compared to controls. A comparison of the serotonin rhythms (fig. 8-6) 
and the brain tryptophan rhythms (fig. 8-5) for both the control and the exper- 
irafental animals does indicate a close correlation between the daily rhythms in 
brain serotonin and tryptophan. The correlation may be only coincidental 
because the proportion of total brain tryptophan present in serotonergic neu- 
rons, and thus available for serotonin synthesis, must be relatively small. 

Figure 8-1; indicates that food intake may have an important role in regu- 
lating the daily rhythm in total plasma tryptophan. In the control animals, 
the peak in plasma tryptophan content occurred during the dark phase (2UOO), 
which corresponds to the time that these animals were consuming approximately 
80 percent of their daily food intake. When the experimental mice were forced 
to eat at another time during the day (between 1000 and ll;00 of the light 
phase), the plasma tryptophan rhythm was altered so that the peak was again 
observed during the time of food consumption (1200). Similar changes in the 
daily rhythm in plasma tyrosine were observed in a similar study in which rats 
were fed only during a daily U-ho;ir period (ref. 8-29). 

Although the rhythm in whole plasma tryptophan was altered by the feeding 
regime, the phasing of the brain serotonin rhythm was not. These results also 
argue against a role for whole plasma tryptophan as a major factor involved in 
the regulation of the daily rhythmic changes in brain serotonin. No positive 
correlation was observed between plasma tryptpphan and brain serotonin even in 
the control animals. The peak of whole plasma tryptophan in the control mice 
occurred at 2U00, almost 8 hours before the peak in brain serotonin. The pre- 
sent results cannot completely rule out a role for plasma tryptophan in pro- 
ducing the brain serotonin rhythm, because only total plasma tryptophan was 
measured. A portion of plasma tryptophan is bo\uid to albtunin and thus is not 
immediately available for uptake by the brain or other tissues (ref. 8-30). 
Studies to compare daily changes in free plasma tryptophan with daily changes 
in brain serotonin are anticipated. 

The present results also provide no evidence for a major role of total 
plasma tryptophan in the regulation of the content of brain tryptophan or of 
the daily rhythm in the content of brain tryptophan. Perez-Cruet et al. 

(ref. 8-28) also concluded that plasma and brain tryptophan were regulated by 
different mechanisms . 
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The rhythmic changes with time of day in the norepinephrine content in 
hamster brain correspond closely in the brainstem, the di encephalon, and the 
cerebral cortex (fig. 8-T)- The clock hours of peaks and troughs of the 
norepinephrine content in these brain areas also show close agreement when 
separate experiments are compared (fig. 8-8). In general, the highest level of 
norepinephrine is observed late in or at the end of the light phase, and the 
lowest level normally occurs during the middle of or end of the dark phase. In 
the third experiment (fig. 8-8), the lowest level of norepinephrine was 
observed during the early light phase, but it seems very likely from the data 
that norepinephrine content would have been equally low during the late dark 
phase had a sacrifice been performed at that time. Indeed, a subsequent exper- 
iment (not discussed in this report) has confiimied this conclusion. The demon- 
stration of similar rhythms in norepinephrine in the hamster brainstem, whether 
the Shellenberger or the Maickel method was used for the extraction of norepi- 
nephrine, strongly supports the conclusion that the rhythm observed is indeed a 
true rhythm in norepinephrine. A similar daily norepinephrine rhythm was 
reported for whole hamster brains by Lew (ref. 8-13). 


SUMMARY 


1. Reproducible rhythmic changes in serotonin content have been observed 
in the brainstem and cerebral cortex of AJAX mice. 

2. The daily serotonin rhythm in the mouse cerebral cortex has one peak, 
which normally occurs early in the light phase. 

3. The daily serotonin rhythm in the mouse brainstem is usually charac- 
terized by two peaks: one in the light phase and one that usually appears in 

the dark phase. The lowest level of serotonin observed in the brainstem over 
the 2i|-hour period usually occurs later in dark phase. 

k. Reproducible changes in 5-HIAA content with time of day are also 
observed in the cerebral cortex of mice. These daily changes in 5-HIAA content 
may be more the result of a change in the rate of transport of this serotonin 
metabolite out of the brain than to a change in the turnover of serotonin. 

5. Preliminary results indicate that serotonin turnover in the cerebral 
cortex of the mouse is greater during the light phase than during the dark phase 
of a lighting regime that consists of 12 hours of light and 12 hours of darkness 

6. The daily serotonin rhythm in the whole mouse brain is correlated with 
a similar rhythm in brain tryptophan. However, the daily rhythm in neither 
brain serotonin nor brain tryptophan seems to be dependent upon or secondary to 
daily cyclic variations in food consumption or to whole plasma tryptophan. 

7. The rhythmic daily changes in whole plasma tryptophan in mice do seem 
to be related to if not dependent upon daily variations in the food consumption. 

8. Reproducible changes in norepinephrine content were observed in 

the brainstem, diencephalon, and cerebral cortex of adult male golden hamsters. 
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horizontal black bar represents the dark phase of the 12:12 LD lighting regime. 
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(a) Cerebral cortex. 
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(b) Brainstem. 

Figure 8-1.- Comparison of daily changes in serotonin content found in the 
cerebral cortex and brainstem of mice. Brackets represent mean ± standard 
error; horizontal black bar represents the dark phase of the 12:12 LD lighting 
regime . 
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Figure 8-2.- Comparison of three separate studies showing daily changes in the 
content of 5-HIM in the cerebral cortex of AJAX mice. Brackets represent 
mean ± standard error; horizontal black bar represents the dark phase of the 
12:12 LD lighting regime. 
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Figiire 8-3-- Changes with time of day in probenecid— induced 5—HIAA. accumulation 
in the cerebral cortex of mice. Brackets represent mean ± standard error; 
horizontal black bar represents the dark phase of the 12:12 LD lighting regime. 
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Figure 8-1+.- Effect of a controlled feeding regime on the diurnal variation of 
plasma tryptophan content in the mouse. Brackets represent mean ± standard 
error; horizontal black bar represents the dark phase of the 12:12 LD lighting 
regime. 
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Figure 8-5.- Effect of a controlled feeding regime on the diurnal variation of 
tryptophan content in the mouse brain. Brackets represent mean ± standard 
error; horizontal black bar represents the dark phase of the 12:12 LD lighting 
regime . 
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Figure 8-6.- Effect of a controlled feeding regime on the diurnal variation of 
serotonin content in the mouse brain. Brackets represent mean ± standard 
error; horizontal black bar represents the dark phase of the 12:12 LD lighting 
regime. 
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(b) Di encephalon. 


Figure 8-7.- Daily changes in norepinephrine content in areas of the hamster 
brain. Brackets represent mean ± standard error; horizontal black bar 
represents the dark phase of the l4:10 LD lighting regime. 




0600 1000 1400 1800 2200 0200 0600 

Time, hr 


(c) Brainstem. 


Figure Concluded. 
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Figure 8-8.- Comparison of diurnal rhythms in norepinephrine content of hamster 
hrainstem in separate experiments in which norepinephrine was determined by 
different methods. Brackets represent mean ± standard error; horizontal black 
bar represents the dark phase of the l4:10 LD lighting regime. 
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9. STUDIES OF SODIUM HOMEOSTASIS DURING SIMULATED WEIGHTLESSNESS: 
APPLICATION OF THE WATER IMMERSION MODEL TO MAN 
By Murray Epstein, M.D. 

INTRODUCTION 


Reports of recent manned orbital flights have disclosed a significant 
natriuresis and weight loss following manned space flight (refs. 9-1 and 9-2). 
'Attempts to investigate and define the volume depletion during weightlessness 
have been thwarted by the inherent difficulties in performing in-flight 
physiological investigations. A previous report from this laboratory proposed 
the use of the model of water immersion as an investigative tool for studying 
the circulatory mechanisms of plasma volume control and sodium homeostasis 
during weightlessness (ref. 9-3). 

Previous studies carried out on sodiijm-depleted subjects demonstrated that 
water immersion to the level of the sternoclavicular notch (neck immersion) 
induced profound alterations of the renin-aldosterone system and renal sodium 
handling (refs. 9-3 and 9-^)» Six hours of water immersion to the neck pro- 
duced a 50 percent decrease in plasma renin activity (PRA) and urinary aldos- 
terone excretion in normal subjects in balance on a 10-meq sodium diet. 

Although the rate of sodium excretion (O^j^^V) during immersion was twentyfold 

greater than during the control period, the absolute increase in sodiim excre- 
tion during water immersion was exceedingly small, possibly reflecting the 
limitations imposed by the sodium depleted and volume contracted state of the 
subjects. Therefore, an additional study was undertaken to assess the effects 
of water immersion on renal sodium management during a sodim intake (150 meq) 
more nearly approximating that of the normal diet (ref. 9 - 5 ) • It was antici- 
pated that such studies would further clarify the mechanisms involved in the 
natriuresis of water immersion. 


DISCUSSION 


Studies of renal sodium and potassivim management were conducted on seven 
healthy male subjects who had consumed a diet containing 150 meq sodim and 
100 meq potassium. Control and immersion studies were conducted on each sub- 
ject on the third and fifth days of dietary equilibration, respectively. By 
that time, all subjects had achieved sodium balance. On study days, identical 
protocols were conducted as follows. 
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Each subject was given a UOO-mi Hi liter oral water load at 0800 hours. 
After voiding and completely emptying his bladder, the study began with the 
subject assttming a seated position for 6 hours. During the control studies, 
each subject sat quietly outside the immersion tank for the 6-ho\ir period. 
Oxuring immersion, the seven subjects sat in the study tank immersed in water to 
the neck for the 6-hour period. Each subject voided spontaneously every hoxir. 
To maintain an adequate urine flow, 200 milliliters of water was administered 
orally every hour dirring each study. Sodi-um, potassium, and creatinine were 
measvired in aliquots of the hoxirly urine collections. Blood was collected at 
2-hour intervals throughout the study. 

Immersion was in a waterproof tank described in reference 9-3. A constant 
water temperature of 30T ± 0.5 K (3^ ± 0.5*^ C) was maintained by two heat ex- 
changers with a combined output of ll* 233 725 J/hr (13 500 Btu/hr) controlled 
by an adjustable temperature-calibrated control meter, the input to which was 
derived from two thermistors immersed at different water levels. 

The effects of 6 hours of water immersion on sodiijm excretion are shown 
in figure 9-1. During control studies, the was constant, ranging from 58 

to 71 veq/min, despite a doubling of ririne flow. In contrast, water immersion 
to the neck resulted in a highly significant increase in compared to the 

control period, beginning at hour 1 (P < 0.005). During the final 5 hours of 
study, UjjgV during immersion was threefold to fourfold greater than during the 

comparable control periods (P < 0.005). Net sodium excretion during 6 hours of 
immersion was 71.6 ± U.O meq, threefold greater than 23.0 ± 2.5 meq during 
control (P < O.OOl). 

The present studies demonstrate that immersion to the neck for normal 
subjects in balance on a 150 meq sodium diet produces an earlier (hour 1 
compared to hour U) and more profound increase in the than in comparable 

subjects studied on a 10 meq sodium intake (fig. 9-l)« The total quantity of 
sodivmi excreted during the 6 hours of immersion was almost tenfold greater than 
that found in patients studied on a 10 meq sodium diet (ref. 9-3). 

The effect of water immersion on potassium excretion is shown in fig- 
ure 9-2. The rate of potassium excretion (Uj^V) did not vary significantly 

during the control studies, ranging from 51 to 68 yeq/min. Immersion produced 
a significant increase in beginning at hour 1 and persisting throvigh 

hour During the final 2 hours, U^V was not significantly different from the 

ii 

control studies at a time that remained elevated. Net potassium excretion 

during immersion was 35-^ ± 2.8 meq, almost double the 20.9 - 2.6 meq foxind 
during the control studies (P < 0.005). 

The relationship between the increments in rate of urine flow (V) and 
during each period is depicted in figure 3. The mean percent increment in 
increased progressively during the first 3 hours of immersion, at a time that 
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the mean percent increment in V was decreasing. This demonstration of a 
dissociation between renal soditim and water management during immersion is con- 
sistent with recent evidence suggesting the presence of independent afferent 
mechanisms mediating antidiiu'etic hormone (ADH) and renin release. Brennan 
et al. (ref. 9-6) have demonstrated that increases in left atrial pressure re- 
sult in decreases in ADH, without accompanying changes in PRA; on the other 
hand, increases in right atrial pressure result in significant decreases in PRA. 
but no appreciable changes in plasma ADH. 

Although the increase in observed during immersion is associated with 

a decrease in aldosterone excretion (refs. 9-3 and 9-^)» the role of this de- 
crease in mineralocorticoid activity in mediating the natriuresis remains 
unclear. Since effects on renal sodium management are manifest only after a 1- 
to 2-hour lag following changes in the aldosterone level (refs. 9-T and 9-8), 
the early natriuresis observed here within the initial hour of immersion 
suggests that the natriuresis cannot be solely attributed to decreased aldos- 
terone. This inference is further supported by the occurrence of a concomitant 
kaliuresis . 

To assess the quantitative contribution of aldosterone suppression to the 
natriuresis of water immersion, an additional study was made, examining renal 
sodium management in normal subjects undergoing water immersion before and 
after administration of exogenous mineralocorticoid (ref. 9-9). Six healthy 
male subjects were studied following equilibration on a 150 meq sodium and 
TO meq potassium diet. Following equilibration, each subject underwent a con- 
trol study on day 3, followed on day 5 by a repeat study during deoxycorticos- 
terone acetate (DOCA) administration (control + DOGA), on day 8 by water 
immersion to the neck (immersion), and on day 11 by immersion plus DOCA 
administration (immersion + DOCA). During immersion and immersion + DOCA, the 
subject sat in the tank immersed in water to the neck for hours (0900 ho\irs 
to 1300 hours), preceded and followed by 1 hoior of quiet sitting outside the 
tank (preimmersion and recovery hours, respectively). Deoxycorticosterone ace- 
tate, 5 milligrams, was administered intramuscularly to each subject at 1300 
and 1900 hours on the day preceding, and at 0100 and 0700 hours on the days of 
the control + DOCA and immersion + DOCA studies. 

The effects of 4 hours of water immersion on sodium excretion are depicted 
in figure 9-^. Water immersion to the neck (immersion) resulted in a highly 
significant increase in as compared to the control, beginning with the 

initial hour of immersion (P < 0.05). During the final 3 hours of the study, 

during immersion was threefold to fourfold greater than during the 

comparable control periods. Although return to quiet sitting after k hours of 
immersion (recovery) was accompanied by a prompt decrease in sodim excretion 
as compared with the final hour of immersion (P < 0.005), was still 

elevated throughout the recovery hour as compared with the preimmersion hour 
(P < O.OOl) and the comparable control period (P < O.Ol) (fig. 9-5). 

Pretreatment with DOCA for 2k hours (control + DOCA) resulted in a 
decrease in by more than 50 percent at each hour of study compared to the 
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control alone* Although DOCA pretreatment also hlimted the natriuresis of 
immersion, was still threefold to fourfold greater during immersion + DOCA 

.than during the comparable control + DOCA periods (P < O.Ol). Despite a de- 
crease in sodium excretion during the recovery hour compared to hoiir U of 
immersion + DOCA (P < 0.05), continued to exceed preiimnersion values 

(P < 0 . 05 ) and the value during the comparable period of DOCA treatment alone 
(P < 0 . 01 ). 

The present studies demonstrate that the administration of a potent 
mineralocorticoid in pharmacologic doses fails to abolish the natriuresis of 
water immersion. Although DOCA decreased during immersion by more than 

50 percent, during immersion + DOCA again exceeded during control + 

DOCA by several fold. 

The delayed rate of disappearance of the natriuresis observed dxiring 

recovery following both immersion and immersion + DOCA further clarifies the 

mechanisms involved in immersion natriuresis. Both U„ V and the fractional 

Na 

excretion of sodium continued to exceed preimmersion values throughout the 
recovery hour (figure 9-5 )• The significance of this finding is underscored 
by the fact that it occurred in the face of marked volume contraction, as 
demonstrated by a significant negative sodium balance of 6 O .5 meq/4 hours, 
accompanied by a weight loss of 1.2 kilograms, as well as a significant 
antidiuresis occurring as early as the first 30 minutes of recovery. The 
persistence of the natriuresis in the face of progressive volume contraction 
suggests that the natriuretic stimulus was sufficiently potent to override the 
compensatory mechanisms that participate in the defense of volume homeostasis 
(ref. 9-1) and that a humoral factor rather than more rapidly acting hemody- 
namic and neural mechanisms may be involved in mediating the natriuresis. Such 
a humoral factor may be identical with the putative "natriuretic hormone" 
postulated by De Wardener over a decade ago (ref. 9-10). 

Although the precise mechanisms and mediators remain to be clarified, the 
demonstrated ability of water immersion to reproducibly suppress renin and 
aldosterone and produce a significant natriuresis suggests that the model of 
water immersion may constitute a useful investigative tool for studying the 
circulatory mechanisms of plasma volume control and sodium homeostasis during 
weightlessness, and specific countermeasures for the management of the 
natriuresis of manned space flight. 
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(a) Low sodium diet, 10 meq sodiim intake (W = 8). 



Time, hr 

(b) High sodium diet, 150 meq sodium intake (N = T). 

Fig\ire 9-1*- Comparison of the effects of immersion on the rates of sodium 
excretion for subjects in balance on low sodim and high sodium 

diets. Note the different scales on the ordinates; shaded areas represent 
the mean ± standard error for control studies; brackets represent mean ± 
standard error for immersion studies (from ref. 9-5). 
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Figure 9-2.- Comparison of rates of potassim excretion diaring control 
and water immersion. Shaded area represents mean ± standard error 
for control studies; brackets represent mean ± standard error for 
immersion studies (N = 7) • 
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I;iurr. 9-^.- Effect of DOCA pretreatment on renal sodium management 
luring water immersion. Shaded area, represents mean ± standard 
:.'.‘ror for control studies (control + DOCA); brackets represent 
I'lean ± standard error for immersion and immersion + DOCA. Sodium 
intake was 150 meq, N = 6. 
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Figure 9-5*- Effect of cessation of water immersion on the rates of 
sodium excretion urine flow (V), and free water clearance 

(Cjj q). Shaded areas represent mean ± standard error for control 

hours; brackets represent mean ± standard error for immersion 
group (from ref. 9)* 
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